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ABSTRACT 
EVALUATING THE INFLUENCE OF BREAKDOWN FOULING AND MOIS-
TURE CONTENT ON MECHANICAL AND ELECTROMAGNETIC PROPER-
TIES OF BALLASTED RAILROAD TRACK 
 FEBRUARY 2017 
HAMED FAGHIHI KASHANI 
 B. A., AZAD UNIVERSITY, KARAJ, IRAN, 2005 
M.A., IKIU UNIVERSITY, QAZVIN, IRAN, 2008  
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST, 2017 
Directed by: Professor Carlton L. Ho 
A complete study was performed to develop correlations between electromagnetic and 
mechanical properties of ballast. These correlations can be used to predict the deformation 
properties of ballast and also its dynamic behavior under heavy axle load in different foul-
ing and moisture conditions by GPR survey. By developing this technique and performing 
similar tests on different types of ballast and fouling materials, a criterion can be developed 
to detect the railroad high risk areas and predict the engineering properties of ballast by 
GPR surveys. This study was performed on granite ballast and breakdown fouling and has 
three phases: performing GPR survey on full-scale laboratory models with different 
amount of fouling and water content; performing box test with equivalent dynamic Heavy 
Axle Load (HAL) up to 2,500,000 cycles on the reconstituted samples of first phase; per-
forming CIDC triaxial tests on the reconstituted samples of first phase.  
In these phases the effect of water content and fouling percentage on the electromag-
netic, dynamic and static properties of ballast was investigated and discussed quantitatively 
vii 
 
and qualitatively. In addition, existing correlations between electromagnetic and defor-
mation properties of fouled ballast were studied in both time domain and frequency domain 
analyses from first and third phases. The results show that there are correlations between 
electromagnetic and mechanical properties of ballast. Plots for predicting the maximum 
shear strength and elastic modulus of ballast by measured electromagnetic parameters have 
been presented.  
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CHAPTER 1 
1. INTRODUCTION AND SCOPE OF RESEARCH 
 Introduction 
Although it may initially appear to be very simple and unimportant, ballast is 
a very important part of railroad track system because it resists the forces applied to 
the sleepers, provides large voids for drainage, increases the sleeper bearing area, and 
absorbs airborne noise (Selig & Waters, 1994, Clark et al., 2001). If voids in the ballast 
are filled with fine particles, it then becomes fouled and loses most of its functions 
(Janardhanam & Desai, 1983, Kolisoja, 1997, Indraratna & Salim, 2005). Proper 
maintenance of the ballast is vital to ensure that the track performs properly. 
 Ballast fouling materials have many sources such as fouling attributed to the 
breakdown of ballast, outside contamination by coal, dust from trains carrying coal 
and due to soil intrusions from the base (Anbazhagan et al., 2011). The most common 
source of ballast fouling is ballast breakdown, up to 76% (Selig & Waters, 1994), 
which is produced from train dynamic loading. Increase in ballast fouling will decrease 
the ballast drainage and consequently decreases the workability of the ballast.  
To keep the ballast in good condition and to ensure that the track performs 
properly, the ballast needs maintenance. Maintaining the ballast before getting highly 
fouled, which cannot be detected from the surface, costs less than completely fouled 
ballast, which can be identified from the surface.  
There are currently over 232,000 miles of railroad track in the US which need 
continuous inspection. Researchers have assessed the degree of fouling and moisture 
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of track substructure by using Non-destructive testing (NDT) methods, such as Ground 
Penetrating Radar (GPR) surveys, to identify the fouled or moist parts of the track for 
maintenance (Al-Qadi et al., 2010). Most research has focused on using GPR to locate 
the moist parts of the ballast, to provide evidence of fouled zone in ballast and need of 
maintenance for better workability of the track. Because changes in moisture and void 
ratio (fouled Ballast) in ballast, identified by GPR, also change the Geotechnical de-
formation properties, this proposed research assesses the qualitative and quantitative 
correlations between the electrical properties from GPR survey and deformation ge-
otechnical properties of ballast. The changes in electrical properties will be related to 
changes in water content, dry density, void ratio and grain size distribution.  Infor-
mation collected from this evaluation can also be applied for estimating the loading 
capacity of railroad tracks. 
This document presents detailed objectives and scope of work for the research in 
this Chapter. Chapter 2 includes a review of the literature relevant to the mechanical 
and index properties of the railroad ballast, its changes by change in fouling percent-
age, GPR application in railroad industry from different approaches and methods used 
to assess the Geotechnical aspects by GPR survey. Chapter 3 evaluates the correlation 
between geotechnical index and electromagnetic properties of fouled ballasted track 
with a full scale laboratory model and this Chapter is published in Transportation Re-
search Record (TRR) journal, No. 2545 in 2016. Chapter 4 is a laboratory evaluation 
of railroad ballast behavior under heavy axle load and high traffic conditions and it is 
submitted for publication at Transportation Geotechnics journal. Chapter 5 assesses 
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the effect of water content and fouling on the triaxial test results and evaluates corre-
lations between results in Chapters 3 and 5.  
  Objectives and Scope of Research 
This study has two objectives. The first objective is to evaluate the effects of 
changes in dry density, fouling percentage and water content of railroad track ballast 
on GPR data analyses. The second objective is to evaluate qualitative and quantitative 
correlations between electromagnetic and mechanical properties in ballasted railroad 
track. 
These objectives were met by performing GPR survey on full-scale laboratory 
model tracks with different water contents, grain size distribution, dry density and 
fouling percentages followed by performing large scale dynamic box tests and static 
CIDC triaxial tests on reconstituted specimens.  
 The scope of this research is as following: 
 Make full scale laboratory models of rail road track with 2 feet height AREMA #4 
gradation granite ballast overlaid the 1.5 feet compacted sand (lower permeability 
based on Selig and Waters suggestion for sub-ballast) as a sub-ballast. 
  Conduct multi-channel GPR survey at the top of the sample and at 9 to 15 points 
on center, left shoulder and right shoulder of the track.  
 Change the water content of ballast from dry to field capacity moisture and two 
points between the extremes, in order to evaluate the effect of moisture on GPR 
reflected signals. 
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 Increase ballast-breaking-down fouling material massive percentage to two more 
points and running the past three steps to assess the effects of fouling material on 
GPR reflected signals.  
 Perform non-level railroad ballast density measurement test (Yoo et al., 1978) on 
clean and fouled ballast in each model. 
 Collect clean and fouled ballast samples from different parts of the samples and 
performing GSD test. 
 Run static triaxial CIDC tests on reconstituted samples with the same index prop-
erties of the full-scale laboratory models, in order to measure the static deformation 
geotechnical properties.  
 Run dynamic box test with load equivalent to Heavy Axle Load (HAL) on recon-
stituted specimens with the same index properties of the full-scale laboratory mod-
els to the effect of fouling percentage and water content on dynamic properties.  
 Assess applicable methods for predicting the ballast deformation properties by elec-
tromagnetic properties of ballast.  
 Study the theoretical reasons for ballast dynamic behavior based on deformation 
properties 
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CHAPTER 2 
2. LITERATURE REVIEW 
 
Ballast fouling can cause many problems in railroad track such as reduction in re-
sistance to the vertical, lateral and longitudinal forces applied to the ties, decrease in resil-
iency modulus and energy absorption capacity, reduction in voids which leads to poor 
drainage and vegetation growth in the rail, increase in noise level, decrease the electrical 
resistance between rails and increase the rate and magnitude of settlement (Selig & Waters, 
1994, Anbazhagan et al., 2011, Fortunato et al., 2010, Indraratna & Salim, 2005)  
When fouling increases in ballast it holds water and not only, decreases the work-
ability of the ballast but also, changes the electromagnetic properties of the ballast. In an-
other perspective, the application of Ground Penetrating Radar (GPR) in railroad investi-
gations has developed rapidly in recent years in an effort to examine railroad infrastructures 
and maintenance needs.  GPR is a non-destructive technique that can detect the wave re-
flections from layers in the substructure with differing electromagnetic properties and can 
thereby identify track bed anomalies, and determine the degree of track bed deterioration 
(Gallagher et al., 1999, Jack & Jackson, 1999, Sussmann et al., 2003). 
Many empirical studies have been conducted to calibrate GPR as a tool for demon-
strating repeatable and quantifiable results in evaluating the railroad track based on both 
field and model testing. But as there are many uncertainties within the actual rail track, it 
is difficult to calibrate the GPR data with actual ballast condition. 
To evaluate the effects of moisture and fouling percentage on the mechanical and 
electromagnetic properties of the ballasted track and development of GPR technique in 
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detecting moisture and fouling, this Chapter mainly provides the following sections with 
their literature:   
 A review of the basic concepts of railroad track.  
 Mechanical and electromagnetic properties of clean and fouled ballast.  
 The effect of fouling and moisture on mechanical and electromagnetic properties 
of clean and fouled ballast. 
 Principles of GPR and its usage in geotechnical engineering and railroad track. 
 Railroad Track Components  
Railroad track can be divided in two parts (AREMA, 2010):  
a. Track superstructure which includes the rail, tie fastening systems and track mate-
rials that are the components of a conventionally constructed track system. 
b. Track substructure, the layered granular materials that provide the foundation of 
the railroad system and transfer the live and dead loads of the track superstructure 
to the ground. Some of the important railroad track components are defined as fol-
lows. 
2.1.1 Fastening Systems 
The purpose of the fastening system is to keep the rails against the sleepers and 
resist vertical, lateral, longitudinal, and overturning movements of the rail. Wood sleepers 
require steel plates under the rail to distribute the rail force over the wood surface while, 
concrete sleepers have spring fasteners (Selig & Waters, 1994). (Figure 2.1) 
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2.1.2 Ties 
Sleepers or ties have several important functions: 
a. Receive the load from the rail and distribute it over the supporting ballast at an 
acceptable ballast pressure level. 
b. Hold the fastening system to maintain the proper track gage, and  
c. Restrain the lateral, longitudinal and vertical rail movement by anchoring to the 
superstructure in the ballast. 
The two most common types of sleepers are wood (timber) and pre-stressed/reinforced 
concrete (Selig & Waters, 1994). 
The width, length and spacing of the ties varies in different countries. For wood ties 
the variation range for width is 190 -260 mm, for length is 2000 – 2743 mm and for spacing 
is 495 – 760 mm.  In Concrete ties these parameters in the same order varies from 203 – 
300 mm, 2057 - 2629 mm and 568 - 700 mm, respectively (Selig & Waters, 1994). 
2.1.3 Ballast  
Ballast is the crushed granular material placed as the top layer of the railroad sub-
structure in which the sleepers are embedded. The ballast is an important component of 
railroad track. It must perform many different jobs such as: reduce the stress applied to the 
weaker interfaces; resist vertical, lateral, and longitudinal forces applied to the sleepers to 
maintain track position; and to provide drainage of water from track structure (Selig & 
Waters, 1994). These are the main tasks of the ballast but it also has some other functions 
such as; alleviate frost problems by not being frost susceptible and by providing an insu-
lating layer protect the underlying layers; inhibit vegetation growth by providing a cover 
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layer that is not suitable for vegetation; absorb airborne noise; provide adequate electrical 
resistance between rails; facilitate redesign/reconstruction of track. (Selig & Waters, 1994). 
As is shown in Figure 2.1, ballast may be subdivided to the following layers; 
Crib—Material between Sleepers 
Shoulder—Material beyond the sleeper ends down to the bottom of the ballast layer 
Top Ballast—Upper portion of supporting ballast layer which is distributed by tamping 
Bottom Ballast—Lower portion of supporting ballast layer which is not distributed by 
tamping and which generally is the more fouled portion 
 
 
Figure 2.1: Track Structure Components (Selig & Waters, 1994) 
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 Geotechnical Properties of Ballast Material 
Traditionally, angular crushed hard stones and rocks that are uniformly graded, free 
of dust and dirt, and not prone to cementing action have been considered good ballast ma-
terials. Availability and economic considerations have been the prime factors considered 
in the selection of ballast material. (Selig & Waters, 1994) 
The engineering properties of the ballast (e.g. modulus, in-situ density, water content, fric-
tion angle, grain size distribution, void ratio, drainage, etc.) are important factors in its 
performance. The most important properties that are also related to this research program 
are: 
1. Ballast in-situ density 
2. Ballast gradation 
3. Ballast drainage 
4. Ballast elastic modulus (E) 
5. Ballast Poisson’s ratio 
6. Ballast shear strength 
7. Ballast friction angle 
8. Ballast settlement 
9. Ballast resilient modulus 
2.2.1 Ballast In-Situ Density 
One of the important parameters of in-situ physical state of ballast which is signif-
icantly effective on ballast mechanical behavior, is density. Ballast has specific properties 
such as large voids, large particles and non-cohesive particles. Regarding to the methods 
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existing for measuring the in-situ density of soils such as rubber balloon method (ASTM 
D2167-66), sand cone method (ASTM 1556-64), oil-replacement method, as well as the 
block-sampling and drive-cylinder methods, measuring the in-situ density of ballast is im-
possible with these methods or need lots of modification. T.S. Yoo et al. in 1978 proposed 
a suitable method with specific apparatus for in-situ density measurement of ballast that 
was verified by lab tests and lots of field applications. 
Researchers with performing tests in TTCI test-track, reported that the initial dry 
unit weight of the ballast falls within the range of the values, 16.1 KN/m3 to 17.6 KN/m3 
(Selig et al., 1981). In addition, it is obvious that the in-situ density of the ballast is signif-
icantly related to the gradation, shape and angularity of the particles. 
2.2.2 Ballast Gradation 
Ballast gradation is the primary factor affecting the stability, safety and drainage of 
tracks. Typically the size of ballast grains varies in the range of 10-60 mm due to the trans-
portation, handling, placement and compaction of ballast. In accordance with this wide 
range of size variability and the rail usage of the railroad line, the ballast gradation must 
provide the two following objectives (Indraratna & Salim, 2005):  
a. High shear strength to provide increased stability and  
b.  Minimum track deformation. 
Ballast gradation is determined by washing and mechanical sieving using ASTM 
C117, C136 and D422.  
Selig and Water in 1994 described a number of terms that have been defined for 
qualitatively describing the shape of gradation curves which can be seen in Figure 2.2. The 
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terms uniformly graded or poorly graded (Cu < 4 in USCS system) means a relatively nar-
row range of particle sizes, the term broadly graded or well graded (Cu > 4 and 1 < Cc < 3 
in USCS system) means a wide range of particle sizes and the term gap graded is the one 
which has small amount of particles and the fouled ballast is falling within this term. 
 
The gradation is usually shown by the plot of percent finer versus grain size (Figure 
2.2, Figure 2.3) and also as a distribution plot with percent by weight of a given size as a 
function of log of particle size (Figure 2.4) 
Many researchers have shown that gradation of the ballast has significant effects 
on the mechanical properties of ballast, such as increase in plastic strain of the ballast by 
changing the broadly graded ballast to uniformly graded ballast, increase in friction angle 
by adding large particles (Klugar, 2014), change in shear strength by change in particles 
Figure 2.2 ; Definition of Grain Size Distribution (Selig & 
Waters, 1994) 
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sizes (Chen, 1948, Holtz & Gibbs, 1956, Koerner, 1970, Leslie, 1963, Marachi et al., 1900) 
but Selig and Waters in 1994 reported that this effect of particle size on strength is unclear. 
 
Figure 2.4: Ballast Gradation Presented as a Frequency Distribution Plot (Selig & Waters, 
1994) 
Figure 2.3: Examples of Ballast Gradation Curves (Selig & 
Waters, 1994) 
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Table 2.1 shows the American Railway Engineering and Maintenance-of-Way As-
sociation (AREMA) recommended ballast Gradation using in United States of America 
(AREMA 2010). 
2.2.3 Ballast Drainage 
There are three sources of water that entering the track substructure: precipitation 
(rain and snow), surface flow and subsurface seepage (Figure 2.5). Because the ballast is 
exposed, precipitation is the most important source of water entering the track substructure.  
   Excess water in the track substructure can increase the track maintenance costs 
because of (Selig & Waters, 1994): 
- Increasing the ballast plastic deformation because of pore water pressure increase 
after dynamic loading 
- Decreasing in stiffness and decreasing in strength 
- Loss of strength because of moisture increase 
- Slurry formation from ballast action 
- Hydraulic pumping of fine materials in lower ballast 
Table 2.1: The Recommended Ballast Gradation (AREMA, 2010) 
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- Volume change from swelling 
- Frost heave/thaw softening 
- Ballast degradation from slurry abrasion, chemical action and freezing water 
- Sleeper attrition from slurry abrasion 
 The above items show the importance of ballast drainage in railroad systems. Also 
fouling particles fill the voids in ballast and will significantly affect the ballast drainage. 
Table 2.2 is the hydraulic conductivity values for ballast reported by (Parsons, 1990).  
   
In the past researchers have attempted to model the hydraulic conductivity of gran-
ular soils (Costa, 2006, Courcelles et al., 2010, Yin, 2009) which work well for some types 
of granular materials, such as silt and sand, but they do not work well for coarse-grained 
aggregates with inter-connected pore structure such as fouled ballast (Tennakoon et al., 
2012). 
 
Figure 2.5: Sources of Water Entering Track Substructure (Selig & 
Waters, 1994) 
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Based on the assumption of uniform distribution of fine particles in the granular 
material voids, (Koltermann & Gorelick, 1995)presented the following equation for hy-
draulic conductivity (k) of a mixture of granular and fine-grained soil; 
݇ ൌ 	 ௗ೑೛మ	థ೑೛య	ଵ଼଴ሺଵିథ೑೛ሻమ	                                                                                                 Eq. (2.1) 
which ϕfp is the composite porosity of the mixture and dfp is the representative grain diam-
eter. 
Tennakoon et al. in 2012 proposed the following equation by eliminating the as-
sumption of uniform distribution of fine particles in the granular material voids and spe-
cifically for coal-fouled ballast (Tennakoon et al., 2012): 
݇ ൌ 	 ௞್	ൈ	௞೑௞೑ା൫௏஼ூ ଵ଴଴ൗ ൯ൈ	ሺ௞್ି	௞೑ሻ                                                                                           Eq. (2.2) 
where VCI is the void contamination ratio, discussed later in section 2.5, kb and kf are the 
hydraulic conductivities of clean and fouled ballast layers, respectively. It was also re-
ported that the hydraulic conductivity calculated from this equation has a good agreement 
with the conducted experimental results. 
Fouling Category  Fouling Index 
Hydraulic Conductivity, kh 
(in./sec) (mm/sec) 
Clean < 1 1 - 2 25 - 50 
Moderately Clean 1 - 9 0.1 - 1 2.5 - 25 
Moderately Fouled 10 - 19 0.06 - 0.1 1.5 - 2.5 
Fouled 20 - 39 0.0002 - 0.06 0.005 - 1.5 
Highly Fouled > 39 < 0.0002 < 0.005 
Table 2.2: Hydraulic Conductivity Values for Ballast (Parsons, 1990) 
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2.2.4 Ballast Elastic Modulus (E)  
Railroad track modulus which is an important parameter for measuring the vertical 
stiffness of the rail foundation (track), typically varies between less than 13.7 MPa (2000 
lb/in./in.) as a poor performer to higher than 27.5 MPa (4000 lb/in./in.) as a good performer 
(Narayanan et al., 2004). Values more than this range, which has been determined up to 
137 Mpa (20000 lb/in./in.), can cause failure including ballast degradation or tie cracking 
due to severe dynamic load environment encountered (Redden et al., 2002) 
Some researchers by conducting a bunch of triaxial tests on ballast reported that 
coarser particles indicate a considerably greater axial strain upon initial loading, conse-
quently resulting in a smaller initial deformation modulus (Indraratna et al., 2013). 
2.2.5 Ballast Poisson’s Ratio 
Poisson’s ratio is defined as the ratio of lateral strain to axial strain of a material 
under stress. For soils, lateral strain is not constant over a specimen’s entire height, so 
Poisson’s ratio is calculated from axial strain and volumetric strain with the equation: 
 ߝ௩௢௟	 ൌ ሺ1 ൅	ߝ௔ሻଵିଶఔ ൅ 1                                                                                       Eq. (2.3) 
which when reworked becomes: 
ߥ ൌ 0.5	ൈ	ቀ1 െ	 ௟௡ሺଵା	ఌೡ೚೗ሻ௟௡ሺଵା	ఌೌሻ ቁ                                                                                    Eq. (2.4) 
At small strains, Poisson’s ratio can be estimated as: 
ߥ ൌ 	 ఌೌష	ఌೡ೚೗ଶ	ൈ	ఌೌ 	                                                                                                              Eq. (2.5) 
with compressive axial strain and contractive volumetric strain positive. If a material ex-
periences contractive volumetric strain equal to its compressive axial strain, it will have a 
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Poisson’s ratio equal to zero. If a material experiences no volumetric strain under load, it 
is an incompressible material and will have a Poisson’s equal to 0.5. If a material contracts 
under compressive strain and experiences volumetric strain greater than zero but less than 
the axial strain, it will have a Poisson’s ratio between zero and 0.5. If a material experiences 
contractive volumetric strain greater than the contractive axial strain, it will have a Pois-
son’s ratio less than zero. If a material experiences dilative volumetric strain (in this case 
a negative volumetric strain) under compressive axial strain, its Poisson’s ratio will be 
greater than 0.5. This last tendency is impossible for isotropic, linear elastic materials, but 
can be characteristic of soils, particularly dense granular soils. 
Indraratna et al. in 1998 by conducting large scale triaxial tests on ballast reported 
that coarser particles has smaller Poisson’s ratio and smaller deformation modulus 
(Indraratna et al., 1998)(Figure 2.6). 
ν = 0.4 can be considered as a typical Poisson’s ratio for fouled ballast which were meas-
ured from old railways in France (Selig & Waters, 1994). 
 
Figure 2.6: The Changes of Poisson's Ratio and Modulus vs. Confining Pressure in Bal-
last (Indraratna et al., 1998) 
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2.2.6 Ballast Shear Strength  
      As previously mentioned, ballast is the selected crushed granular material placed 
as the top layer of the railroad substructure in which the sleepers are embedded and needs 
to have adequate load-bearing capacity for 25 – 30 ton axle trains which leads to a vertical 
stress of 120 to 140 kPa (Gräbe & Clayton, 2009, Jain & Keshav, 1999, Li & Selig, 1998). 
The strength of different crushed stones that have been using in railroad systems have been 
studied by different researchers. Although the strength of the parent rock is not usually 
tested nor required by most ballast specifications (Indraratna & Salim, 2005), a higher par-
ent rock strength is affected by the selection criteria, which includes petrological examina-
tion. It should also be noted that the strength of rocks can be indirectly evaluated by per-
forming, Aggregate crushing value, Los Angeles Abrasion value (LAA) and Wet attrition 
value.  
There are also other parameters that are effective in the shear strength of ballast, 
such as particle angularity, particle surface roughness, quantity of flaky particles, particle 
size range, particles shape and etc. (Selig & Waters, 1994). 
Although the effect of particle size on the shear strength of ballast is challenging 
and unclear, as discussed in section 2.2.2, Kolbuszewski and Fredrick in 1963 presented 
that the angle of shearing resistance increases with large particle sizes and Indrartna et al. 
(1998) reported that the internal friction decreases with increase in the maximum particle 
size and this can cause a significant reduction in the shear strength and load carrying ability 
of the track (Indraratna et al., 1998, Kolbuszewski & Frederick, 1963). As Raymond men-
tioned in 1985, the particle shape and surface roughness are important and affect the track 
stability. (Raymond, 1985) 
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Anbazhagan et al. in 2012 determined that particle shape of the aggregates which 
can be changed from angular to sub-rounded, has a significant effect on shear strength. 
(Anbazhagan et al., 2012). This is because of increase in the frictional interlock between 
grains which leads to shear strength increase. Also the load history has effects on the shear 
strength and behavior of ballast in a long time (Diyaljee, 1987). As mentioned in Ballast 
drainage, the water in ballast also affects the strength of the ballast.  
The variation of shear strength with increase in normal stress for Basalt from dif-
ferent sources is presented in Figure 2.7. It can be seen that for a typical range of normal 
stresses studied in railroad track ballast, shear strength varies from low numbers to about 
600 kPa which also depends on the unit weight. 
Consequently, it can be seen from the above explanation that many parameters in-
fluence the shear strength of ballast. And also, the fouling material is affecting the strength 
of the ballast by changing the void ratio and grain size distribution.   
 
Figure 2.7: Variation of Shear Strength with Normal Stress for Ballast (Indraratna et al., 
2013) 
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2.2.6.1 Tests for Measuring Shear Strength of Ballast 
2.2.6.1.1 Large-Scale Triaxial Testing 
The strength and degradation behavior of ballast under loading can be investigated 
using large scale cylindrical triaxial apparatus. Triaxial Apparatus can be used to conduct 
shearing tests on Ballast with various confining pressures. The cylinder diameters that have 
been used for running this test on Ballast depends on the maximum size of the aggregates 
and are 6, 10 and 12 inches with the ratio of height to diameter of 2 (ASTM D7181). This 
test can be performed statically and dynamically.  
2.2.6.1.2 Direct Shear Test  
The test device is a square box with side dimensions of usually 12 in. and a speci-
men height of 203 mm (8 in.). It has a total 102 mm (4-in.) travel of the bottom which is a 
152-mm (6-in.) high component, large enough for ballast testing purposes to record peak 
shear stresses and friction angle (Dombrow et al., 2009). 
2.2.7 Ballast Friction Angle (ϕfb) 
For the basic friction angle (ϕfb) for ballast, Indraratna and Salim in 2005 suggested 
(Eq. 2.6) by assuming that the energy consumption due to particle breakage is zero and the 
friction angle includes particle breakage but excludes the effect of dilation under loading: 
௤
௣ᇱ ൌ 	
ቀଵି೏ഄೡ೏ഄభቁ௧௔௡
మቀସହ°ା	ക೑್మ ቁିଵ
మ
యା	
భ
యቀଵି
೏ഄೡ
೏ഄభቁ௧௔௡మሺସହ∘ା
ക೑್
మ ሻ
                                                                           Eq. (2.6) 
where q/p’ is the deviator stress ratio, dεv is the volumetric strain increment, dε1 is the major 
principal strain increment and ϕf b is the friction angle of particles. 
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By using laboratory experimental results of deviator stress ration at failure and the 
values of strain increments, the friction angle of aggregates can be measured. 
In addition, they mentioned to the peak friction angle of ballast ϕp which it can be calcu-
lated from the triaxial test results and peak principal stress ratio. Figure 2.8 presents the 
different studied friction angles in ballast and the effect of confining pressure, dilatancy 
and particle breakage on the basic and peak friction angle of ballast. Figure 2.8 also pre-
sents that with increasing the confining pressure, the peak friction angle decreases (Charles 
& Watts, 1980, Indraratna et al., 1998, Marsal, 1967). 
 
Figure 2.8: Changes of Different Studied Friction Angles in Ballast with the Confining 
Pressure (Indraratna & Salim, 2005) 
2.2.8 Ballast Settlement 
The settlement of Ballast can be both elastic (same as compaction) and plastic due 
to the breakage of ballast particles (Anbazhagan et al., 2012). In most tracks, ballast is the 
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main source of both average and differential settlement between surfacing operations. Usu-
ally, the short term settlement is related to the ballast and long term settlements is subgrade 
related.  Necessary condition for ballast to be the main source of settlement are:  
1. Existence of filter/separation layer between the coarse ballast and fine subgrade,  
2. A strong subgrade or subballast/subgrade combination, and  
3. Good drainage of water entering from the surface (Selig & Waters, 1994).  
The repeated load will increase the settlement over time or in the other words, the cumula-
tive strain increases as the number of cycles increases. (Figure 2.9) 
 
Figure 2.9: The Changes of Ballast Settlement vs. Number of Loading Cycles (Selig & 
Waters, 1994) 
2.2.9 Resilient Modulus 
The behavior of granular materials under repeated loading condition is nonlinear 
and stress-state dependent (Figure 2.10). While repeated loading is taking place, any addi-
tional cycle contributes another increment of plastic or permanent strain and the magnitude 
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of these plastic strain increments decreases with the number of cycles. The resilient Mod-
ulus (Er) of material is the ratio of deviator of repeated stress to strain. (Selig & Waters, 
1994) 
 
Figure 2.10: Stress-Strain Plots in Repeated Load Test in Various Stages of Cyclic Load-
ing (Indraratna & Salim, 2005) 
In granular materials researchers have reported different number of cycles for 
reaching the constant values for resilient modulus in granular materials between few hun-
dreds to several thousands (Kalcheff & Hicks, 1973, Morgan, 1966). The magnitude of the 
resilient modulus is very stress-state dependent and there are still lots of uncertainties about 
the effect of grain size on the plastic deformation and consequently resilient modulus 
(Indraratna et al., 1998, Janardhanam & Desai, 1983, Raymond & Diyaljee, 1979). 
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Some researchers reported a linear relationship between resilient modulus and con-
fining stress. They defined the following commonly used equations which represents only 
unloading cyclic test (Hicks & Monismith, 1971, Pell & Brown, 1972): 
E୰ ൌ 	Kଵሺθᇱሻ୏మ                                                                                                         Eq. (2.7)  
E୰ ൌ 	Kଷ ൅	Kସ	θ′                                                                                                     Eq. (2.8) 
where K1, K2, K3 and K4 are the soil constants from lab tests and θ′ is the bulk effective 
stress in the loaded state and can be calculate by the following equation: 
θᇱ ൌ 	σଵᇱ ൅	σଶᇱ ൅	σଷᇱ ൌ 3σଷᇱ ൅ ሺσଵ െ	σଷሻ୫ୟ୶                                                         Eq. (2.9)  
There are other relationships for resilient behavior of railroad ballast, such as the 
following equation, which is based on load-unload tests (Stewart 1982): 
E୰ ൌ 	 ଶሺ୯ౙି	୯౛ሻக౨ౙି	க౨౛                                      Eq. (2.10) 
where εre, εrc, qe and qc are resilient extension strain, resilient compression strain, shear 
stress in extension (psi) and shear stress in compression (psi): 
 ε୰ୡ ൌ ሾ0.00116	qୡሺσଷ	ᇱ ሻିଵ.ଵହሿ஗		                                                                           Eq. (2.11)   
ε୰ୣ ൌ 0.0039	qୡሺσଷ	ᇱ ሻିଵ.ହଶ                                                                                   Eq. (2.12)    
and η is equal to: 
η ൌ 0.78	ሺσଷᇱ ሻ଴.଴଼଼                                                                                                 Eq. (2.13)        
where σ3’ is constant confining pressure for cyclic test (psi). 
The increase in the slope of the hysteresis loop of the cyclic loading during the 
initial stages of loading (cycles 1-5) (Figure 2.10) indicates that resilient modulus of ballast 
increases with increase in repetition load (Indraratna & Salim, 2005). 
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In accordance with the significant effect of confining pressure on the resilient mod-
ulus of Ballast and higher breaking index in high confining pressure, Indraratna et al. in 
2005 suggested a range of approximately 45 to 60 kPa for optimum confining pressure 
with minimal breakage.(Indraratna et al., 2005) 
 Electromagnetic Properties of Railroad Track Ballast 
In order to better understand GPR results obtained in railroad surveys and site in-
vestigation, the electromagnetic properties of ballast need to be evaluated. The first point 
for any discussion about the nature of materials under the excitation of EM waves is Max-
well’s equations. These vector equations describe the spatially and temporally varying cou-
pled electric and magnetic fields. These equations are for heterogeneous, isotropic, linear 
and stationary media (Balanis, 1989): 
׏	ൈ	ܧ ൌ 	െ߲ܤ/߲ݐ                                                  Eq. (2.14) 
׏	ൈ	ܪ ൌ 	 డ஽డ௧ ൅ ܬ                                                                         Eq. (2.15)   
׏	. ܦ ൌ 	ߩ                                                                                                          Eq. (2.16) 
׏	. ܤ ൌ 	0                                                                                                        Eq. (2.17)   
where E is the electric field strength vector (in volts per meter,V/m), H is the magnetic 
field strength vector (in amperes per meter, A/m), D is the electric flux density vector (in 
Coulombs per meter squared, C/m2), B is the magnetic flux density vector (in Tesla, T), J 
is the current density vector (in amperes per meter squared, A/m2 ),  ρ is the change of 
density (in coulombs per meter cubed, C/m3 ), ׏ is the del vector operator, ×is the cross 
product and  is the dot product.  
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The EM properties of Earth materials can be characterized by magnetic permeabil-
ity, electrical conductivity and dielectric permittivity. The following constitutive relations 
define these material properties as following: 
D ൌ 	εE                                                                                                                   Eq. (2.18)   
where ε is the permittivity of the material (in Farads per meter, F/m) 
J ൌ 	σE                                                                                                                   Eq. (2.19)  
where σ is the conductivity of the material (in Siemens per meter, S/m) 
B ൌ 	μH                                                                                                                  Eq. (2.20) 
where μ is the permeability of the material (in Henrys per meter, H/m) 
In general, if there is any free charge available, then under the influence of the 
applied EM field, these will flow through the material and because all of the subsurface 
materials have some form of free charge, such as electrons and ions, they show some degree 
of EM attenuation. The response of subsurface materials and other particulate media to an 
applied electromagnetic field depends on the properties, volume fraction, and spatial dis-
tribution of the fluid and solid phases (Santamarina et al., 2001). 
Mitchell and Soga in 1976 reported that the flow of electricity through a soil is a 
composite of (Mitchell & Soga, 1976): 
1. Flow through the soil particles alone, which are small, because the solid phase is a 
poor conductor,  
2. Flow through the pore fluid alone, and  
3. Flow through both solid and pore fluid.  
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The total electrical flow also depends on the porosity, tortuosity of flow paths, and 
conditions at the interfaces between the solid and liquid phases. So, in the following sec-
tions the magnetic permeability, electrical conductivity and electrical permittivity will be 
evaluated in these three phases. 
2.3.1 Magnetic Permeability 
Moving electric charges generate magnetic fields. Because a matter consists of 
moving charged particles, it exhibits a magnetic field. Materials are classified as paramag-
netic, diamagnetic, or ferromagnetic based on their magnetic permeability. Table 2.3 pre-
sents the real relative magnetic permeability of different materials in three different cate-
gories of diamagnetic, paramagnetic and ferromagnetic substances.  
Magnetic permeability is a function of frequency and the magnetic permeability of 
mixtures of ferromagnetic inclusions in non-ferromagnetic host material depends on the 
volume fraction, size and spatial distribution of the inclusions (Santamarina et al., 2001).   
As it can be seen in Table 2.3, the magnetic permeability of crushed stone granite 
which is a type of railroad track ballast, is approximately equal to 1 which is equal to the 
magnetic permeability of air. Consequently, in most circumstances, the magnetic effect of 
materials (i.e., diamagnetic, paramagnetic and super paramagnetic phenomena) has little 
effect on propagating EM waves (Olhoef, 1998). Significant changes in magnetic permea-
bility of railroad ballast track can be because of contaminated or fouled with ferromagnetic 
materials or ballast composed of crushed stones with iron minerals. 
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Most soil constituents are either paramagnetic or diamagnetic and consequently, 
the assumption that magnetic effects are unimportant is justified as long as the soil is iron 
free and doesn’t have ferromagnetic material. 
Table 2.3: Real Relative Magnetic Permeability of Selected Materials (Santamarina et al., 
2001) 
2.3.2 Electrical Conductivity  
Electrical conductivity is a measure of charge mobility due to the application of an 
electric field and it is proportional to ionic concentration and ion mobility. The electrical 
conductivity in mixtures is sensitive to the spatial distribution of the components. Table 
2.4 presents nominal values for selected materials (Santamarina et al., 2001). Because the 
mobility of ions in minerals typically found in soils is very small, the conductivity of dry 
soils is significantly lower than the conductivity of electrolytic pore fluids, even at low 
ionic concentration.  In the soil-water mixture the conductivity may be higher or lower than 
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the conductivity of the fluid phase and this depends on the specific surface of the particles 
and the ionic concentration of the fluid and which one can overcompensate. 
Table 2.4: Electrical Conductivity of Selected Materials (Santamarina et al., 2001) 
 
 Figure 2.11 shows a conductivity data obtained for a mixture of crushed granite 
with Na+Cl- electrolytes that can show the increase of mixture conductivity with increasing 
the fluid conductivity. 
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Figure 2.11: Conductivity of Granite-NaCl Electrolyte Mixtures as a Function of Electro-
lyte Conductivity (Santamarina et al., 2001) 
Low specific surface particles contribute negligible surface conduction while high 
specific surface such as clays have a significant effect on conductivity (Santamarina et al., 
2001). Ballast electromagnetic properties as a particulate material, which is composed of 
crushed stone, will be affected by its different mineralogy, specific surface and also the 
characterization of the mixed fluid. But from the last two sections it can be derived that 
evaluating the magnetic permeability and conductivity of ballast-water mixture is so com-
plex and may not be helpful to the railroad industry in practice. Because it is significantly 
dependent on existence of iron in the stones and ionic concentration of the pore fluid, re-
spectively. Over time, the ballast might be contaminated by many kinds of fluids such as 
leaked diesel or oil with high ionic concentration or fouled with high specific surface soils 
such as clays. It also might get replaced by stones with iron. These contaminations and 
replacements can change the conductivity of the ballast.  
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From the above explanation we can obviously understand that ballast by itself cannot 
have a high conductivity unless it gets fouled with clay or contaminated by a pore fluid 
with high conductivity or high ionic concentration. 
2.3.3 Dielectric Permittivity 
 Dielectric permittivity describes the ability of a material to store and release EM energy 
in the form of electricity and classically relates to the storage ability of capacitors. It is 
usually quoted in terms of a non-dimensional, relative permittivity term (εr) where (Jol, 
2008) defined as following: 
εr = permittivity of a material (ε)/permittivity of free space or vacuum (ε0)         Eq. (2.21)  
Inertial and viscous forces oppose the applied forces imposed by electric and mag-
netic fields and dipoles inside the medium. This is a good evidence of dependency of elec-
tromagnetic properties of materials to frequency therefore permittivity will become a com-
plex quantity with the real component representing the ‘instantaneous’ energy storage-re-
lease mechanism and the imaginary component representing the energy dissipation (Jol, 
2008, Santamarina et al., 2001). In order to study both phase and amplitude response, the 
complex material parameters have been defined. The complex permittivity reflects the in-
terplay between porosity, volumetric water content, pore fluid characteristics, specific sur-
face, mineralogy and fabric. The relevance of each parameter varies with frequency. Table 
2.5 shows values of the real relative permittivity and electrical conductivity of some com-
mon materials (Conyers & Goodman, 1997, Daniels, 2005, Jol, 2008, Santamarina et al., 
2001). 
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Table 2.5: Typical Values of Relative Permittivity (Real Component) and Static Con-
ductitvity for Common Subsurface Materials (Jol, 2008) 
 
Santamarina in 2001, also mentioned that spectral features in permittivity measure-
ments reflect internal spatial scales and the spectrum of electromagnetic parameters helps 
identify the internal structure of the medium which is a proof for using GPR to evaluate 
sub-ground layers.(Santamarina et al., 2001) 
Santamrina also reported that the complex relative permittivity of minerals is rela-
tively low compared to water. Furthermore, the relative permittivity of dry soils (less than 
10) is lower than the relative permittivity of the parent rock due to porosity and this indi-
cates that permittivity is a good parameter to evaluate voids in a medium. As an example, 
Figure 2.12 shows the relative permittivity for dry shale and dry kaolinite (Santamarina et 
al., 2001). 
33 
 
By adding water, the permittivity of soil-water mixture will change and its value 
depends on the type of soil, including its specific surface area, the characteristics of the 
fluid, the volumetric fluid content and the frequency of the applied electric field. In railroad 
surveys usually the dielectric permittivity measurements are recorded as a function of time 
during each load increment. 
From the experiments, the dielectric constant for the different types of ballast, was 
found using the following equation (Daniels, 1996): 
ε୰ ൌ ሺୡ୲ଶୢሻଶ                                                                                                              Eq. (2.22)  
where c is the velocity of light (3 × 108 m/s); εr is the dielectric constant of a material; t is 
the time taken for electromagnetic wave to travel distance; and d (s) is the depth of material 
layer (m). This low loss equation is accurate for materials with low attenuation such as 
ballast. 
In accordance with section 2.3 of this study, electromagnetic properties of subsur-
face materials can indicate the underground situation. GPR can measure these parameters 
and has been used in a wide range of applications in research and practice in the world. 
With regards to traffic infrastructure, GPR application in railway surveys have had the 
fastest growth in recent years which started in Finland in mid-1980 with some not encour-
aging results and widely developed around the world (Jol, 2008). In the next section the 
principles of GPR and its usage in Railroad track will be explained. 
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Figure 2.12: Relative Permittivity Spectra for Solids: (a) A Shale and (b) Kaolinite 
(Santamarina et al., 2001) 
 Principles of Ground Penetrating Radar (GPR)   
In general, the radar technique involves the pulsing of radar waves into soil and/or 
construction materials (Colla et al., 1998). Radar is used to obtain object information by 
measuring the characteristics (arrival time and amplitude) of the electromagnetic (EM) 
fields scattered by the object.  The Ground Penetrating Radar (GPR) method is based on 
sending short EM waves into the ground using a transmitting antenna. A receiver antenna 
records the transmitted signal from interfaces between the materials and scattering from 
35 
 
inhomogeneities having different EM properties within the materials. The amount of en-
ergy transmitted or reflected at an interface is quantified by the interface reflection and 
transmission coefficients (Uzarski & McNeil, 1994). (Figure 2.13) 
 
Figure 2.13: GPR System Components and GPR Work Process (Reynolds, 2011) 
The propagation of the signal is affected by the electromagnetic properties of the 
material, discussed in section 2.3, so that by analyzing amplitude changes and the time for 
the pulse to travel through the ground, information about the layer thicknesses and proper-
ties of the materials can be obtained. 
The time taken for a wave to traverse from one interface, reflect off a second inter-
face, and travel back to the first interface is known as the round-trip, or two-way travel 
time for a wave within the medium bounded by the two interfaces. This is computed using 
the following equation (Daniels, 1996): 
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t ൌ 	 ଶୢ୴ 						                                                                                                               Eq. (2.23)  
where t is the round-trip travel time, v is the propagation velocity of the wave and d is the 
distance between the two interfaces. Calculation of the round-trip travel time in each layer 
is necessary for computing the total reflected wave at the source. 
The velocity of an electromagnetic wave in a dielectric medium is computed using 
the following equation (Daniels, 1996): 
v ൌ 	 ୡ√க౨	                                                                                                                  Eq. (2.24)  
where v is the velocity of propagation, c is the speed of light (3 × 108 meters per second), 
and εr is the dielectric constant of the medium. The value of v varies depending upon the 
composition and water content of the ballast and the sub-ballast layers, and generally falls 
within the range [1.2 – 2.0] × 108 meters per second. In comparison, the velocity of elec-
tromagnetic wave propagation is 3.33 × 107 meters per second in pure water.	In the most 
cases the dielectric constant is unknown and we use the propagation velocity to calculate 
the dielectric constant. If the antenna offset can be changed, there are two common methods 
to measure the propagation velocity: 
a) Common Mid-Point (CMP): Both antennas are moved apart with the same increment 
and on either side of the midpoint of the profile.  
b) Wide Angle (WA): One antenna stays stationary and the other moves along the profile 
direction (Tillard, 1995) (Figure 2.14). 
37 
 
 
Figure 2.14: Common Mid-Point Measurement (Su et al., 2010) 
If the antenna offset cannot be changed, the measurement can be determined using 
multi-offset method with multiple pair antennas or one transmitter and multiple receivers 
(Figure 2.15). 
The raw GPR data need to be processed to be ready for subsurface evaluation.  Typ-
ically, this initial data processing includes, trace editing, filtering or data correction and 
introduce minimal operator bias into the data. (Jol, 2008). 
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Figure 2.15: A Radar with Multi-Offset Antenna (Su et al., 2010) 
2.4.1 GPR with Impulse Radar Technique 
There are different categories of GPR, which are beyond the scope of this study. 
The GPR systems that are being used for railroad substructure purposes are based on the 
impulse radar technique. In these systems a pulse is sent to an antenna, which produces an 
electromagnetic (EM) wave. A time domain pulse is transmitted and the reflected energy 
is received as a function of time. The result is a waveform that indicates the amplitude of 
energy scattered from sub-surface objects versus time. In practice, in order to evaluate the 
railroad substructure condition, the GPR is mounted to a vehicle and data were recorded 
while the vehicle is moving. A continuous presentation of amplitudes profiles (traces) for 
all surveying points will form a radargram.  
Figure 2.16 shows a radargram and amplitude profile (waveform trace) captured by 
800 MHz antenna. The interfaces between different layers are clearly visible on the radar-
gram. The amplitude profile shows a significant increase in amplitude of the reflected sig-
nal. This change can be detected at the interface related to the difference in relative permit-
tivity of the materials (Su et al., 2010). 
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Figure 2.16: (a) Radargram and (b) Amplitude Profile for 800 MHz (Su et al., 2010) 
The brightness and darkness of the radargram texture is related to the reflection 
coefficient. The reflection coefficient depends on the velocity propagation of the electro-
magnetic waves in an inhomogeneity region.  For example, in a two subsurface layer, as-
sume an electromagnetic wave traveling in Region 1 and perpendicularly incident at an 
interface with Region 2. The reflection coefficient for the reflected wave in Region 1 is 
given by: 
Γ ൌ 	 ୴మି୴భ୴మା	୴భ                                                                                                              Eq. (2.25)     
where v1 is the velocity of propagation in Region 1 and v2 is the velocity of propagation in 
Region 2. The transmission coefficient for the transmitted wave in Region 2 is given by: 
T ൌ 	 ଶ୴మ୴భା	୴మ                                                                                                              Eq. (2.26)                       
Thus, if the material dielectric constants on each side of the interface are substantially dif-
ferent, the wave propagation velocities will also be substantially different. In such a case, 
40 
 
the reflection coefficient will be high, and the image will appear brighter at the correspond-
ing depth. On the other hand, if the dielectric constants on both sides of the interface are 
closer to each other, the reflection coefficient will be small, and the image will look darker. 
The above is also true when inhomogeneities are present in layers considered to be uniform, 
such as the ballast and the sub-ballast. If the inhomogeneities are widely distributed, the 
image will appear speckled within the layer. On the other hand, if the layer is relatively 
homogeneous, the image will appear dark since there will be no dielectric discontinuities 
within the layer to cause myriad reflections. 
2.4.2 GPR Antenna Frequency  
The antenna frequency should be determined based on the requirements for both 
resolution and depth penetration (Daniels, 1996). High frequency antennas have a higher 
resolution and penetrate to a shallower depth than low frequency antennas with lower res-
olution. Because high frequency antennas can monitor ballast condition by providing 
strong reflection from the voids and have higher resolution radargram texture. However, 
this strong reflection from voids weakens the reflections from the interfaces. On the other 
hand, the lower frequency waves have weaker reflections from the voids and can strongly 
be reflected by the existing interfaces.  
As an example, Figure 2.17 shows a part of radargram from a GPR survey on ballast 
with 500 MHz, 800MHZ, 1.6 GHz and 2.3 GHz (Anbazhagan et al., 2011). This figure 
shows that by increasing the antenna frequency the resolution increases and the evaluated 
depth decreases. Clark in 2001 suggested 500 MHz antenna as an appropriate and effective 
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commercial antenna for railroad track subsurface evaluation and confirmed it with experi-
mental results (Clark et al., 2001). 
 
Figure 2.17: Comparison between Processed GPR Data from Different Antennas; A, B, 
C, and shows Processed Signal with Respect to Antenna Frequency of 500 MHz with, 
800 MHz, 1.6 GHz And 2.3 GHz (Anbazhagan et al., 2011) 
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The range resolution for a radar system in a medium of dielectric constant εr is approxi-
mately given by (Skolnik, 1980): 
ΔR	 ≅ 	 ୡதଶ√க౨                                                                                                        Eq. (2.27) 
where c is the speed of light and τ is the transmitted pulse width. The range resolution, ΔR, 
is the minimum distance that a pulse of duration τ can resolve. 
The operating frequency of the GPR is simply the reciprocal of the pulse width; for exam-
ple, a 400-MHz GPR system has a pulse width of 2.5 ns. It should be noted that for pulsed 
GPR systems, the transmitted pulse is a single bipolar pulse. In GPR work, the pulse width 
must be chosen so that ΔR is less than the thickness of the thinnest layer of interest. In 
other words, for closely spaced subsurface layers, a short pulse length (high frequency) 
must be used. The consequence of using a higher frequency, however, is a decrease in the 
depth of signal penetration as natural media have higher signal loss at higher frequencies. 
Choosing the correct pulse frequency becomes very important, with desired range resolu-
tion and depth of penetration being the dominant factors. It should be noted that antenna 
size also increases with decreasing frequency (Narayanan et al., 2004). 
2.4.3 GPR Antenna Deployment 
The two basic categories of antennas are air-coupled and ground-coupled (Smith, 
1995). Antennas that are air-coupled, are designed to be used suspended above the ground 
surface, with an air gap. Ground-coupled antennas are designed to be in direct contact with 
the ground surface. Air-coupled antennas are particularly well suited to railroad applica-
tions since they are suspended above the ground and thereby allow high speed measure-
ment and clearance for turnouts, grade-crossings, wayside detection devices, trash, etc. 
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2.4.4 Multi-Channel GPR  
Because the amount of the information transmitted in a unit of time is proportional 
to the radar’s bandwidth, increasing the system’s capacity requires expanding its band of 
frequencies (Taylor, 2000) and also, the quality of GPR data that can be obtained is strongly 
correlated to the frequency of the antenna which was discussed in section 2.4.2. Therefore 
the GPR with different frequencies were tested to evaluate the ballast condition to simul-
taneously image the ballast, the sub-ballast and the subgrade layers (Anbazhagan et al., 
2011, Narayanan et al., 2004).  
 Fouled Ballast 
In general, ballast contamination because of the filling of voids due to ballast break-
down and infiltration of other materials from the ballast surface or base is called ballast 
fouling. Fouling particles are particles smaller than 9.5 mm (Selig & Waters, 1994), which 
fill the ballast voids and leads to poor ballast performance (Indraratna & Salim, 2005, 
Janardhanam & Desai, 1983, Kolisoja, 1997). 
Fouling materials have different sources which can be divided into five categories 
(Selig & Waters, 1994); 
1. Ballast break down 
2. Infiltration from ballast 
3. Sleeper (Tie) wear 
4. Infiltration from underlying granular layers 
5. Subgrade infiltration 
The subcategories are shown in Table 2.6. 
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Figures 2.18, 2.19 and 2.20 show the schematic section fouled with different sources 
explained above. The evaluation on the variety of sources in different railroads around the 
world shows that fouling source categories have different portion in contaminating the bal-
last in different places (Collingwood, 1988, Selig & Waters, 1994, Selig & Russo, 1991, 
Tung, 1989).  
The results show that in North America the average percent distribution by weight 
of the fouling components for each of the categories (showed in Table 2.6) are as Figure 
2.21. 
Table 2.6: Source of Ballast Fouling (Selig & Waters, 1994) 
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Figure 2.18: Ballast Breakdown, Sleeper Wear, and Subsurface Infiltration Causing Bal-
last Fouling (Selig & Waters, 1994) 
 
Figure 2.19: Underlying Layer Infiltration Causing Fouling (Selig & Waters, 1994) 
 
Figure 2.20: Subgrade Infiltration Causing Ballast Fouling (Selig & Waters, 1994) 
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Figure 2.21: Sources of Ballast Fouling (Selig & Waters, 1994) 
2.5.1 Quantification of Ballast Fouling 
Quantification of ballast fouling is an important problem in geotechnical engineer-
ing of railroad track. There have been different methods developed in order to distinguish 
between different types of fouling materials. 
2.5.1.1 Fouling Index  
Selig and Waters in 1994 proposed Fouling Index (FI) as a term to quantitatively 
measure the fouling particles in the ballast. This evaluation was based on the clay pumping 
and infiltration of the materials as well as the other sources of fouling such as breakdown 
particles and the other objects delivered from the ballast, dropped from trains, wind or 
water blown. The Fouling Index can be calculated by the following equation; 
FI =  P4 + P200                                                                                                         Eq. (2.28)          
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where P4 is the percent of material passing 4.75 mm (No. 4 Sieve) and, P200 is the percent 
of material passing the 0.075 mm (No. 200 Sieve). They also defined different categories 
of fouling based on the Fouling Index (FI) (Table 2.7). 
Ionescu, 2004 proposed a different ballast fouling index given as below: 
FI = ஽వబ஽భబ                                                                                                                   Eq. (2.29)         
where D90 and D10 are grain diameter for the 90% and 10% passing by weight, respectively. 
Fouling Category  Fouling Index 
Clean < 1 
Moderately Clean 1 - 10 
Moderately Fouled 10 - 20 
Fouled 20 - 40 
Highly Fouled > 40 
2.5.1.2 Percentage of Fouling (% Fouling) 
The percentage of fouling was also developed by Selig and Water in 1994 which is 
the ratio of dry weight of material passing 9.5 mm sieve (3/8” sieve) to the dry weight of 
the total sample.  
2.5.1.3 Percentage Void Contamination (PVC) 
Because of this importance that FI and percentage of fouling cannot show the rela-
tive density of the fouling material and ballast, and do not represent the volume and quan-
tity of fouling materials in the ballast Feldman and Nissan in 2002 developed Percentage 
Void Contamination (PVC) (Feldman & Nissen, 2002): 
PVC ൌ 	୚మ୚భ 	ൈ	100		                                                                                               Eq. (2.30) 
Table 2.7: Fouling Index (Selig & Waters, 1994) 
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where V1 is the initial volume of voids in the clean ballast and V2 is the bulk volume of 
contamination in the ballast. 
2.5.1.4 Relative Ballast Fouling Ratio (Rb-f) 
This parameter was proposed by Anbazhagan et al. (2010) and defined as the ratio of the 
dry weight of fouling particles (passing sieve 3/8”) to the dry weight of ballast (retaining 
3/8” sieve). It can be calculated by using the following equation (Anbazhagan et al., 
2010): 
Rୠି୤ ൌ 	
୑	౜ൈ	ృ౩షౘృ౩ష౜ 	
୑ౘ 	ൈ	100                                                                                       Eq. (2.31)            
Where Mf and Gs-f are the mass and the specific gravity of ballast fouling (fines), Mb and 
Gs-b are the mass and specific gravity of ballast.  
2.5.1.5 Void Contaminant Index (VCI) 
The bulk volume of fouling material needs to be determined based on the specimen 
compacted at standard proctor energy level to calculate PVC. Tennekon et al. in 2012 pro-
posed VCI to capture the role of different fouling materials as a modification of the PVC 
(Tennakoon et al., 2012): 
VCI ൌ 	 ୚ᇱ౜୚౬ౘ 	ൈ	100 ൌ 	
ሺଵାୣ౜ሻ
ୣౘ 	ൈ	
ୋ౩ౘ
ୋ౩౜ 	ൈ	
୑౜
୑ౘ 	ൈ	100                                                Eq. (2.32)          
where V’f is actual volume of fouling material within the ballast voids, Vvb is the initial 
voids volume of clean ballast, eb void ratio of clean ballast, ef void ratio of fouling material, 
Gsb specific gravity of clean ballast, Gsf specific gravity of fouling material, Mb dry mass 
of clean ballast, and Mf dry mass of fouling material. 
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As mentioned previously, the fouling particles fill the voids and prevent the drain-
age of the ballast. In order to evaluate the effects of fouling materials and the trapped water 
(by fouling) on the performance of the ballast under loading and on the GPR surveying 
results, the next two sections will review the conducted researches on these important pa-
rameters.  
2.5.2 Fouling and Moisture Content Effects on Ballast Geotechnical Properties 
In general, ballast fouling can cause many problems in railroad track such as reduc-
tion in resistance to the vertical, lateral and longitudinal forces applied to the ties to retain 
the track in its required position, decrease in resiliency modulus and energy absorption 
capacity, reduction in voids which leads the track to poor drainage and vegetation growth 
in the rail, increase in noise level and decreasing the electrical resistance between rails 
increasing the rate and magnitude of settlement. The severity of these effects is signifi-
cantly related to the type and amount of fouling material and the water content of the fouled 
ballast (Anbazhagan et al., 2011, Fortunato et al., 2010, Indraratna & Salim, 2005, Selig 
& Waters, 1994). 
Some of the researches on the effects of fouling material and water content on bal-
last performance have been briefly explained in the following paragraphs: 
Based on the obtained samples taken from wide variety of track sites in North 
America, Selig and Waters in 1994 presented Figure 2.22 which represents gradation rang-
ing from clean to highly fouled.  
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Figure 2.22: Influence of Fouling on Ballast Gradation Curve (Selig & Waters, 1994) 
Figure 2.23 presents that with increasing the confining pressure, the peak friction 
angle of fresh and recycled ballast decreases and in a constant confining pressure a fouled 
(recycled ballast) has much lower peak friction angle than fresh ballast.  These results re-
veal that the peak friction angles of fresh and recycled ballast decrease from 69° to 46° and 
54° to 43°, respectively, as the effective confining pressure increases from 10 to 300kPa 
(Charles & Watts, 1980, Indraratna et al., 1998, Marachi et al., 1900, Marsal, 1967). 
Han & Selig in 1997 and Indraratna et al. in 1998 by performing a series of loading 
tests on fouled ballast reported that ballast settlement typically increases by the increase of 
fouling material amount and most of these differential settlements are related to the local 
crushing at inter-particle contacts (Han & Selig, 1997, Indraratna et al., 1998). 
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Figure 2.23: Variation of Peak Friction Angle of Fresh and Recycled Ballast with Effec-
tive Confining Pressure (Indraratna & Salim, 2005) 
Budiono et al. in 2004, Huang et al. 2009 and Giannakos in 2010 showed that fine 
fouling material particles adversely affect the strength, stiffness and life cycle of the track 
(Budiono et al., 2004, Giannakos, 2010, Huang et al., 2009). 
Indrartna and Salim in 2005, by performing experimental tests reported that fresh 
ballast has a higher elastic modulus than recycled ballast (fouled ballast) (Figure 2.24) due 
to the higher angularity and better friction interlocking. 
Indraratna and Salim in 2005, Fortunato et al. in 2010 and Vitnam Trinh et al. in 
2012 evaluated the behavior of fresh and fouled ballast under representative cyclic loading 
in dry and wet states by conducting triaxial apparatus. They reported that not only the bal-
last settlement increases by increase in the number of loading cycle but also, in a constant 
number of cycles fouling material and water will significantly increase the plastic settle-
ment of ballast under loading (Figure 2.25). Furtunato et al. in 2010 also stressed that the 
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resilient modulus decreases by water content increase and in wet condition is less effective 
to the fouling index changes (Fortunato et al., 2010, Indraratna & Salim, 2005, Trinh et al., 
2012). 
 
Figure 2.24: Initial Deformation Modulus of Fresh and Recycled Ballast at Various Con-
fining Pressures (Indraratna & Salim, 2005) 
Huang et al. in 2009, by performing direct shear tests on clean and fouled ballast 
with different fouling materials such as coal dust, clay and mineral filler assessed the ef-
fects of fouling and moisture on the shear strength of the soil. They reported that the highest 
shear strength values are from the clean ballast and shear strength decreases by increasing 
fouling material.  This can also be related to the type of fouling material and moisture 
content (Huang et al., 2009). 
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Figure 2.25: Settlement Response of Fresh and Recycled Ballast Under Cyclic Loading, 
(a) in Dry Conditions, and (b) in Wet Conditions 
In 2010 Konstantinos Giannakos presented an equation to relate the fouling per-
centage to the ballast hardness derived from the analysis of the laboratory test result. He 
reported that in a constant loading cycles the breakdown fouling particles increase by de-
crease in the hardness of ballast (Giannakos, 2010). 
Indraratna et al. in 2013 conducted many triaxial tests on the clay-fouled ballast. 
These tests indicated that an increase in fouling material will decrease the shear strength. 
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This is dependent upon VCI, which at high normal stress (σn = 200 kPa) remaining rela-
tively unaffected, independently of VCI (Indraratna et al., 2013). 
Indraratna et al. in 2011 mentioned that fine particles change the pore matrix of the 
ballast assembly and reduces the particles interlock. In addition, by conducting multi-chan-
nel analysis of surface wave (MASW) on ballast fouled by clayey sand and coal, they re-
ported that shear modulus initially provide extra stiffness to the ballast and when the ballast 
gets highly fouled, the particles will lose their direct contact due to lubrication effects and 
cyclic loading and the shear modulus decreases, consequently (Indraratna et al., 
2011).(Figure 2.26) 
 
Figure 2.26: The Relationship between Normalized Shear Modulus and Fouling Percent 
(Indraratna et al., 2011) 
Tennakoon et al. in 2012 by conducting experimental tests and numerical modeling 
proposed a new parameter, Void Contaminant Index (VCI), and reported that overall hy-
draulic conductivity decreases with the increase in VCI and the critical conditions in the 
perspective of track maintenance would occur when VCI exceeded 50% (the fouling ma-
terial is clayey fine sand in this study)(Tennakoon et al., 2012) (Figure 2.27). 
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Anbaazhagan et al. 2010, measured the permeability of clayey sand fouled ballast 
and coal fouled ballast from experimental studies and reported that permeability is decreas-
ing by increase in fouling particles. And permeability can be related to shear wave velocity 
with common percentage of fouling on x axis (Anbazhagan et al., 2010). 
 
Figure 2.27: Variation Hydraulic Conductivity with Void Contaminant Index for Uniform 
Clay Fouled Ballast (Tennakoon et al., 2012) 
2.5.3 Fouling and Moisture Content Effects on Electromagnetic Properties of Bal-
last 
In order to identify the condition of ballast Halabe et al. in 1993, developed an 
equation in order to calculate the dielectric permittivity of a mixture by having the dielec-
tric permittivity of each component (Halabe et al., 1993): 
ඥε୲ ൌ 	∑ ୅౟ଵ଴଴ඥε୅,୧୬୧ୀଵ                                                                                              Eq. (2.33)            
in which, εt is the relative dielectric permittivity of the mixture, εA,i is the relative dielectric 
permittivity of component i and Ai is the volumetric percentage of mixture component i. 
This equation indicates that the dielectric permittivity is directly related to the volumetric 
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percentage of the mixture occupied by its components. Adding or eliminating any compo-
nents of a mixture will affect the electromagnetic properties of the mixture.  
Studies on electromagnetic properties of clean and fouled ballast indicate that in-
crease in permittivity associated with increase in ballast fouling and this behavior is highly 
related to the moisture content of the ballast (Clark et al., 2001, Sussmann et al., 2003).  
Considerable information can be obtained by studying the amplitude and arrival 
times of the GPR signal reflections. For example, very high amplitude reflections may 
indicate presence of high water content or sudden increase in arrival times can infer the 
presence of ballast pockets (Hyslip et al., 2005)  
Table 2.8 shows the dielectric permittivity and wave propagation velocity in air, 
water and ballast in some different conditions. The dielectric constant and velocity of wave 
propagation of a clean ballast in comparison with spent ballast is lower and higher respec-
tively because, the clean ballast has more air voids than the fouled ballast. The dielectric 
constant of air is 1 (velocity of 3 x 108 m/s), which as a result allows the electromagnetic 
wave to propagate through it at a higher speed compared with the fouled ballast with less 
air voids (Clark et al., 2001).  
It can be seen in Table 2.8 that the dielectric permittivity of wet ballast is higher 
than dry ballast due to the fact that the speed of electromagnetic shear wave through water 
is very slow (0.33 x 108 m/s) compared to that of the ballast or air. Thus with the wet ballast 
the characteristics of the water will predominate, since the water will be replacing the air 
in the voids. This table also shows that adding volumetrically, 5% water to fouled ballast 
will increase the dielectric value up to 45%. The increase of the dielectric value in fouled 
ballast is higher than clean ballast because the fouled ballast has a higher capacity for water 
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retention due to the high fines content. This can also be confirmed with the linear relation-
ship reported between bulk ballast dielectric constant and moisture content (Leng & Al-
Qadi, 2010, Sussmann et al., 2002). 
Table 2.8: The Dielectric Constant and Velocity of Air, Water and Ballast in Different 
Conditions (Clark et al., 2001) 
Clark et al (2001) by conducting a quick GPR survey after saturation and before 
complete drain in the clean and fouled ballast, reported that relative difference between the 
saturated spent and clean ballast on a radar plot is 4.5 ns, which is a significant and detect-
able change (Clark et al., 2001). 
 GPR from Geotechnical Engineering Approach 
Performing GPR surveys with different frequency antennas in places with different 
geologies represent that interpretation of GPR profiles can provide significant geotechno-
logical information about soils, thickness of unconsolidated deposits, depth of bedrock, 
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permafrost distribution, relative abundance of ice and their spatial extension in different 
deposits (i.e. Aeolian and Fluvial deposits). (Jol, 2008, Pilon et al., 1992). 
Saarenketo and Scullion (1996) explored the relationship between the dielectric 
properties of base course aggregates used in subgrade construction. This study observed 
the existence of a very high correlation between the dielectric properties and the strength 
and deformation characteristics of all types of soils and aggregates. This clearly establishes 
the basis for a possible relationship between GPR data and deformation characteristics of 
the railroad ballast. They evaluated this relationship in different soils by conducting 
“bucket test” with the help of Dynamic Cone Penetration test (DCP) for Engineering prop-
erties and dielectric tube probe for electrical properties (Saarenketo & Scullion, 1996). 
Several researchers have used GPR to scan the subsurface and evaluate the old in-
frastructures or buried structures or study potential places for landslides by highly changes 
in electrical properties of soil as the result of moisture or different material (Bednarczyk, 
2008, Benedetto et al., 2012, Coutinho & Mayne, 2012, Whiteley & Siggins, 2000). 
P. Cosenza et al. 2006, K. Marschall et al. 2007 and F.M. Fernandes et al. 2008 
compared the GPR surveys on different soils, mostly fine grain soils, with Cone Penetra-
tion test (CPT) to evaluate the stratigraphy of the sub-layers and water content and develop 
a qualitative correlation between electrical properties and engineering properties in differ-
ent fields. The reports show satisfying results in stratigraphy but because of inhomogeneity 
in natural soil, generalizing a correlation was impossible (Cosenza et al., 2006, Fernandes 
et al., 2008, Marschall et al., 2007).  
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 GPR from Railroad Track Approach 
 GPR signals can detect the wave reflections from the layer’s substructure and can 
be used to identify track bed anomalies and determine the degree of track bed deterioration 
(Gallagher et al., 1999, Jack & Jackson, 1999, Sussmann et al., 2003). 
Saarenketo and Scullion (1996) reported dielectric constant values for aggregates 
with different coefficient modulus. These analyses provide quantitative basis for postulat-
ing the relationship between the GPR and track engineering properties (Saarenketo & 
Scullion, 1996).  
Despite the ability that GPR has on detecting the ballast status, there are still lots 
of uncertainties within the actual rail track and it is difficult to calibrate the GPR data with 
actual ground conditions (Anbazhagan et al., 2012). 
2.7.1 Model Track Studies 
Performing GPR survey on a railroad track model with a defined condition such as 
the amount and type of fouling material, the depth of the layers, water content, density and 
grain size distribution is a reliable method to study the effects of different parameters on 
the GPR reflected waves.   
Clark et al. in 2001, by conducting GPR surveys on six different ballasts (dry, 5% 
wet and saturated ballast of clean and fouled ballast) in a brick tank reported different die-
lectric permittivity and signal velocities (Table 2.8). Their collected data indicate that the 
dielectric constant of clean ballast was lower than fouled ballast and that for wet ballast is 
higher than dry ballast (Clark et al., 2001). 
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In 2010 Li-Jun Su et al. used GPR survey on the model track with different amount 
and type of fouling materials to find a correlation for identifying the fouling degree to 
which ballast has become fouled (Su et al., 2010). 
Anbazhagan et al. in 2011 used a multi-channel GPR with four different frequen-
cies (500 MHz, 800MHz, 1.6 GHz and 2.3 GHz) on a large scale model track with coal, 
clayey sand and ballast breakdown and with different fouling material Rbf s and thick-
nesses; they reported some correlations between the optimum fouling point (OFP) and  
shear strength for clay and coal fouled ballast (Anbazhagan et al., 2011).  
2.7.2  Field Track Studies 
For improving the GPR data collection and processing, researchers from around the 
world are conducting field tests to better understand the effect of different properties of the 
subsurface layers on the GPR signal profile. GPR not only provides continuous vertical 
profile of the ballast and the subgrade, but also identify moist subgrade sections which 
shows brighter reflections in comparison with dry sections. 
The field studies show that many valuable track substructure condition such as sub-
surface water pockets, saturated soil condition, thickness of the ballast layer, ballast dete-
rioration and the subsoil penetration into the ballast layer can be detected by using GPR 
(Gallagher et al., 1999, Hugenschmidt, 2000, Roberts et al., 2006, Selig, 2002, Silvast et 
al., 2010). 
The field measurements on various tracks indicate that GPR is also effective in 
identifying subsurface water content, density, trapped water and fouling condition within 
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the ballast (Hyslip et al., 2003, Narayanan et al., 2001, Roberts et al., 2006) (Figures 2.28 
and 2.29) 
 
Figure 2.28: A Radargram that Indicates the Subsurface Layers for a Track Section 
(Hyslip et al., 2003) 
 
 
Figure 2.29: A Radargram that Indicates the Trapped Water in Ballast Section (Hyslip et 
al., 2003) 
In-situ tests such as DCP and CPT tests have been used to evaluate the stiffness and 
stratigraphy of the subballast and subgrade layers in addition to the GPR survey for the 
problematic parts of the track. The results have had a good agreement with the detected 
interfaces by GPR survey (Roberts et al., 2006, Sussmann Jr, 1999). 
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In 2004, Narayanan et al. developed a multivariate linear regression model to pre-
dict the track modulus with an accuracy of approximately 3.4 MPa using 100 and 400 MHz 
frequency pulsed GPR system. This general linear model for multiple regression is a prom-
ising approach to modeling the track modulus using GPR data and track modulus measure-
ments at a variety of locations at the Transportation Technology Center, Inc. (TTCI) 
(Narayanan et al., 2004).  
The new development of frequency analysis of the GPR signal produces continuous 
information concerning the ballast fouling. This method overcomes the limitation of the 
techniques using a preset threshold to estimate the ballast condition. GPR fouling indices 
derived by time-frequency technique and frequency spectrum from field surveying match 
the results of ground truth trenches, drilling data and ballast gradation analysis (Al-Qadi et 
al., 2010, Silvast et al., 2010). 
Shangguan et al. in 2012, by conducting both laboratory and field GPR collecting 
data, proposed a new approach, Discrete Wavelet Transform (DWT). In this approach 
Standard Deviation (SD) values of the wavelet coefficients were calculated to quantify the 
scattering intensity and were capable of indicating the fouling level of the ballast. This 
approach was validated by field GPR data and ground truth measurements (Shangguan et 
al., 2012).  
 Summary 
A review of the literature has shown that fouling and moisture content have signif-
icant effects on deformation and index geotechnical properties of the ballast.  In addition, 
ballast is an important part of the railroad track which must perform different functions. 
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An increase in fouling percentage and moisture content will decrease the workability of the 
ballast and takes the ballast to the high risk situation and safety problems. In another per-
spective, the review also reveals the significant effects of moisture content and fouling 
percentages on the electromagnetic properties of the ballast, which can be detected by GPR 
technique.     
Existence of a high correlation between the dielectric properties and the strength 
and deformation characteristics of all types of soils and aggregates from past research 
(Saarenketo & Scullion, 1996) clearly establishes the basis for a possible relationship be-
tween GPR data and deformation and index characteristics of the railroad ballast.  
Although the most fouled ballasts in North America are because of ballast break-
down (Selig & Waters, 1994), most of the past research is based on coal and clay fouling 
materials. 
In accordance with the above explanation, a complete and comprehensive geotech-
nical testing program followed by GPR surveying is needed on ballast with different break-
down fouling percentages and water contents. More study is required to investigate how 
geotechnical and electromagnetic properties change as the result of fouling and moisture 
content change and evaluate any existing correlation between geotechnical and electro-
magnetic properties of ballast. 
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CHAPTER 3 
3. EVALUATING THE CORRELATION BETWEEN GEOTECHNICAL IN-
DEX AND ELECTROMAGNETIC PROPERTIES OF FOULED BAL-
LASTED TRACK BY FULL SCALE LABORATORY MODEL1 
 Abstract 
To determine the correlation between water content or fouling of a railroad track and 
Ground Penetrating Radar (GPR) signals, a full-scale railway track model was designed 
and constructed at the University of Massachusetts Amherst. To simulate a track section, 
the model consisted of rails and ties placed on a ballast layer overlain on a sub-ballast layer. 
The model was constructed three times with three different fouling percentages. Each 
model was tested with water content conditions of dry, field capacity and two points be-
tween these extremes. 450 MHz and 2 GHz frequency antennas were used to evaluate the 
different conditions. The design and construction of the full-scale track in addition to the 
GPR data analysis and interpretation are presented in this paper. The results show that the 
dielectric permittivity and frequency spectrum can be used as an indicator of fouling per-
centage and water content in a track. In addition, a linear correlation is observed between 
the fouling percentage and water content under field capacity conditions. 
Keywords: GPR, Fouling, Ballast, Moisture, Full Scale Laboratory Model 
                                                 
1 This paper is published in Transportation Research Record, No. 2545, 2016, pp. 66-78. DOI: 
http://dx.doi.org/10.3141/2545-08 
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 Introduction 
Railroads are an important means of moving passengers and freight over the world. 
To ensure safety and timely delivery, a railroad track must be inspected and maintained 
regularly. Common track damage is caused by infiltration of fines into the ballast layer due 
to progressive crushing and breakdown of granular particles. This can result from dynamic 
loading causing breakdown fouled ballast. This problem leads to a gradual deterioration of 
the track due to problems such as reduction in track hydraulic permeability, shear strength, 
stiffness and resilient modulus. Also, ballast fouling can lead to an increase in vegetation 
growth and an increase in rate and magnitude of plastic settlement. (Anbazhagan et al., 
2011, Fortunato et al., 2010, Han & Selig, 1997, Indraratna & Salim, 2005, Selig & Waters, 
1994). 
The detection of fouled ballast before being visible from the surface would improve 
track inspection and reduce the track maintenance costs. Therefore, using GPR as a Non-
Destructive Test (NDT) method has been increasing to monitor track conditions. By stud-
ying the GPR reflections from different layers of substructure with different electrical prop-
erties, track bed anomalies and inhomogeneities are detectable (Gallagher et al., 1999, Jack 
& Jackson, 1999, Sussmann et al., 2003). The field measurements on various tracks indi-
cate that GPR is also effective in identifying subsurface water content, density, trapped 
water and fouling condition within a ballast layer (Clark et al., 2001, Narayanan et al., 
2001, Hyslip et al., 2003, Roberts et al., 2006). 
New developments in frequency analysis of GPR signals have overcome the limita-
tions of time domain analysis for prediction of substructure condition (Al-Qadi et al., 2010, 
Silvast et al., 2010). Despite these abilities of GPR to detect ballast conditions, there are 
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uncertainties within the actual rail track and it is difficult to calibrate GPR data with actual 
ground condition (Anbazhagan et al., 2012).  
 Recently, studies have been conducted to validate the substructure properties from 
GPR signal analysis with ground-truth trenches in field or large scale models (Al-Qadi et 
al., 2010, Su et al., 2010, Anbazhagan et al., 2011, Kashani et al., 2015). Most of these 
studies have the following limitations: (a) model studies mostly focus on clayey sand and 
coal dust as the fouling material; (b) all model studies have rectangular ballast cross-sec-
tions; (c) less attention has been paid to the evaluation of geotechnical index properties 
such as density by GPR signal analysis; (d) there is not much assessment to correlate mois-
ture content and fouling percentage, or to study them separately with careful control on 
boundary conditions; (e) in field studies it is difficult to establish meaningful correlations 
by GPR due to many unknowns in the track condition. (Hyslip et al., 2003, Sussmann et 
al., 2003, Fortunato et al., 2010).  
In this study, a full scale model track with a trapezoidal ballast cross-section is de-
signed and built with three different breakdown fouling percentages, each with four differ-
ent moisture conditions. Careful control of mass and volume was important to verify the 
effect of density on GPR signal reflections. Both frequency and time domain analysis have 
been conducted on GPR signals at different locations. The design and construction of the 
model track with geophysical and geotechnical results are presented and discussed in this 
paper.   
67 
 
 Design and Construction of the Model Track  
3.3.1 Model Description  
A full scale railroad model track has been built at the University of Massachusetts 
Amherst. The model consists of sub-structure and super-structure components of railroad 
track such as sub-ballast, ballast, timber ties and rails. The box is not designed for carrying 
load, so all connections are built to have the fewest possible metal components to limit 
noise in the radar signal. The box contains the sub-ballast with dimensions of 17.5 ft. 
(5.3m) × 17.5 ft. (5.3 m) × 1.5 ft. (0.5 m). It is made of a layer of 3⁄4 in. (19 mm) plywood 
supported by 2 in. (51 mm) × 4 in. (102 mm) pine lumber and diagonal bracing with the 
same lumber at 18 in. (0.5 m) intervals. The box was sealed with two layers of 6 mil plastic 
sheet for water proofing. In addition, four pairs of wooden triangle templates fixed on the 
box corners were designed to control the consistency of section geometry in all models. 
3.3.2 Ballasted Track 
After waterproofing, the box was filled with uniformly layered, clean and well graded 
sand up to 1.5 ft. (0.5m) above the bottom as a sub-ballast layer. A ballast layer with trap-
ezoidal cross-section and 2 ft. (0.6 m) thickness was built on the sub-ballast layer. A 6 mil 
plastic sheet between the ballast and sub-ballast was used to retain the moisture in the sub-
ballast layer and highlight the interface. Figure 3.1 shows a schematic plan and cross-sec-
tion of the model track. The ballast layer was compacted in five lifts: three 4 in. (102 mm) 
lifts on the sub-ballast layer; one 5 in. (127 mm) lift; and one 7 in. (178 mm) lift on the top. 
The ties were embedded in the last 7 in. lift. 
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In this study, Connecticut granite crushed stone was used as ballast and its stone 
dust was used as breakdown fouling material. The stone dust was non-plastic fouling ma-
terial based on ASTM D2488-06 standard (American Society for Testing and 
Materials.).The ballast gradation meets the American Railway Engineering and Mainte-
nance-of-Way Association (AREMA) #4 ballast (AREMA. Manual of Railway 
Engineering, 2006). In order to have a uniform distribution of fouling in the ballast for 
fouled models, the ballast sub-layers were divided into two or three sub-sub-layers and 
stone dust was added followed by compaction after founding each sub-sub-layer. After the 
completion of the fourth layer the timber ties were installed with 19.5 in. (0.5 m) center to 
center intervals (Selig & Waters, 1994). Figure 3.2 shows some images of the model con-
struction process. 
Three models with nominal fouling percentages (by dry weight) of 0%, 15% and 
30% were constructed for this study. Grain Size Distribution (GSD) tests were performed 
on the random samples from the models in accordance with ASTM D6913-04 standard 
(ASTM, 2007) to verify the gradation of the ballast with AREMA #4 ballast (AREMA. 
Manual of Railway Engineering, 2006) and the actual fouling percentage in each model. 
The geometry and clean ballast weight were unchanged in all models, so that any 
changes in dry density and void ratio could be related to the fouling percentage changes. 
The in-situ dry density measurements were performed at different locations and depths in 
accordance with the non-level ballast density method suggested by Yoo et al. in 1978 (Yoo 
et al., 1978) and after the completion of GPR surveys in each model. Table 3.1 presents 
the results from GSD and dry density tests on different models. 
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Figure 3.1: Typical Plan and Cross-Section of a Full-Scale Model 
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Figure 3.2: Full-Scale Model Construction Process. 
3.3.3 Water content of the Models 
Each model at different water contents was investigated using GPR to evaluate the 
effect of water content at a constant fouling percentage on GPR reflected signals. Each 
model had water contents of natural humidity (dry), field capacity and two points between 
these end points. Field capacity is defined as the moisture content held in ballast after ex-
cess water has drained away. In order to measure the approximate field capacity, three 
reconstituted models were made with the same grain size distribution of the ballast for each 
model. The reconstituted models were inundated in water and allowed to drain with the 
water content sampling followed immediately. These water contents were used for predict-
ing the field capacity water content of different models. The water content measurements 
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in this study were all performed based on ASTM D2216-05 standard (American Society 
for Testing and Materials.).  
Table 3.1: The Grain Size Distribution (GSD) Test Results, Density Test Results, Targeted 
and Average Measured Water Contents of the Models 
Parameters Model 1  Model 2 Model 3 
Fouling (%) 1.3 14.9 27.1 
Testing Sample Weight (kg) 129 171 192 
Gs  2.75 2.75 2.75 
E 0.74 0.42 0.31 
e values Standard Deviation (%) 0.10 0.04 0.05 
e values Standard Error (%) 0.04 0.02 0.02 
D10(mm) 16.7 1.2 0.2 
D30(mm) 21.2 19.5 13.0 
D50(mm) 24.0 22.7 21.0 
D60(mm) 25.2 24.2 23.0 
Cu 1.5 20.2 100.0 
Cc 1.1 13.1 31.9 
Dry density (kg/m3) 1555 1921 2117 
Dry Density Standard Deviation (kg/m3) 58.8 35.1 64.5 
Dry Density Standard Error (kg/m3) 26.0 13.0 26.0 
Targeted Water Content from 
reconstituted sample (%) 
Dry  0.0 0.0 0.0 
w1 0.3 1.1 1.6 
w2 0.5 2.1 3.2 
Field Capacity 0.8 3.2 4.8 
Measured Water Content from 
Model Track (%) 
Dry  0.1 0.3 0.6 
w1 0.5 1.6 3.5 
w2 0.5 2.1 4.0 
Field Capacity 0.6 3.4 4.6 
NOTE: 1lb = 0.454 kg, 1 in. = 25.4 mm, 1 kg/m3 = 0.062 pcf 
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Migration of fouling particles during drainage of the reconstituted models was an 
issue in collecting water content samples with uniform fouling percentages. In order to 
overcome this issue, the water content samples were sieved with 3/8 in. sieve after oven 
drying to determine the fouling percentage (by dry weight) for each sample. Figure 3.4 
shows water content values versus fouling percentages for 15% and 30% Fouling models. 
This plot was used to find the approximate field capacity corresponding to the amount of 
fouling percentage in each model.  
After determining the approximate field capacity, water contents of one third and 
two thirds between dry and field capacity conditions were selected as moderate moistures 
(w1, w2). The models were wetted to the moderate water contents and field capacity, re-
spectively followed by GPR sampling of dry condition.  
The amount of water added to the samples was controlled by monitoring the flow 
rate. After each wetting step, the model was covered and sealed with plastic sheets for 16 
hours to achieve moisture equilibrium. The actual water content at different depths and 
locations of each model was measured after the completion of GPR sampling. The targeted 
water contents and measured water contents for all models are presented in Table 3.1.  
 Ground Penetrating Radar (GPR) Data 
GPR data were collected using a ground coupled system with 450 MHz and 2 GHz 
frequency antennas. The GPR sampling was performed at defined lines illustrated in Figure 
3.1. The device was placed far enough from the adjacent rail to reduce interference. The 
data were collected at 9 to 15 points in cribs and on shoulders for each model and at each 
water content. To evaluate the data and study their correlations with geotechnical index 
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properties, only fundamental filters such as band passing were applied to the raw data. The 
propagation velocity in ballast layer was calculated by the travel time to known depth of 
the ballast for each model 
 In this study, each trace at each location was evaluated. The sampling rate for 450 
MHz and 2 GHz antennas was 125 and 26 picoseconds per sample, respectively. Each 450 
MHz GPR scan had 1024 samples and each 2 GHz scan had 512 samples.  
 Model Verification 
In order to verify the validity of the results obtained from the current study, we com-
pared some of our measurements with measurements in literature. These measurements 
include dielectric permittivity, in-situ density and grain size distribution. Figure 3.3 com-
pares the gradation of a clean mixed ballast used in this study with the minimum and max-
imum gradation range of AREMA # 4 ballast (AREMA. Manual of Railway Engineering, 
2006). Table 3.2 presents the measured dry density values of Model 1 of this study at dif-
ferent locations and depths compared with field measured dry densities of clean granite 
ballasted track by Selig in 1989. In addition, Table 3.3 shows the average dielectric per-
mittivity in different conditions of this study and the estimated dielectric permittivities by 
Sussman in 1999 (Sussmann Jr, 1999). This verification shows a good agreement between 
the results from this study and other studies and validates the full-scale model for simulat-
ing a real track with the same index properties. 
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Figure 3.3: The Grain Size Distribution (GSD) Plot of Full-Scale Models.                                     
AREMA No. 4 Ballast (AREMA. Manual of Railway Engineering, 2006). 
Table 3.2: Full Scale Models Dry Density Verification 
Clean Ballast Density 
(Model 1) (pcf) 
Field Measurements on Granite 
Ballast (Selig, 1989)  (pcf) 
97.9 107.4 
99.3 104.8 
90.6 94.1 
98.6 99.2 
99.0 101.3 
108.9 101.0 
Mean = 99       Mean = 101.3 
Table 3.3: Full Scale Models Dielectric Permittivity Verification 
Material 
Average Dielectric Permittivity  
Model (1, 2 & 3)  
Estimated Dielectric Permittivity 
(Sussmann Jr, 1999)  
Clean Dry 3.1 3.6 
Clean Moist 3.8 4 
Fouled Moist 5.5 5.2 
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 Results and Discussion 
3.6.1 Correlation between Ballast Breakdown Fouling and Excess Water  
Excess water in track substructure can increase the track maintenance and costs be-
cause of an increase in ballast deformation, decrease in strength, frost heaving or thaw 
softening, etc. (Selig & Waters, 1994). One of the main reasons for excess water in track 
substructure is ballast fouling that fills the voids and decreases the ballast’s hydraulic con-
ductivity. To evaluate the relationship between the fouling percentage of ballast and field 
capacity, all field capacity samples were sieved by 3/8 in. sieve after oven drying. These 
samples include samples collected from full scale and reconstituted fouled models (model 
2 and 3). Figure 3.4 shows the changes of the field capacity versus fouling percentage. The 
scatter covers a wide range of fouling percentages from clean ballast with less than 5% 
fouling to highly fouled ballast with more than 45% fouling. Based on measurements in 
North America, most highly fouled ballast locations at different sites had fouling percent-
ages between 30 to 58% (Han & Selig, 1997). Therefore, Figure 3.4 can be used to predict 
the approximate field capacity corresponding to breakdown fouling percentage in ballast. 
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Figure 3.4: The Field Capacity Water Content (w%) vs. Fouling (%) (by Dry Weight), 
from Samples in Different Locations of the Full Scale and Reconstituted Models. The 
Band Highlights the Trend. 
3.6.2 The Effect of Density and Water Content on GPR Wave Propagation in Ballast 
Electromagnetic wave properties such as dielectric permittivity (ε) and propagation 
velocity (v) in a mixture depends on the percentage of the mixture components and their 
electromagnetic properties (Halabe et al., 1993). Because clean ballast has more air filled 
voids than fouled ballast, its dielectric constant is lower and its velocity of wave propaga-
tion is higher than fouled ballast (Clark et al., 2001). 
As a review, Eq. (3.1) is the calculation of time taken for a wave to travel a round 
trip from one interface to the second interface (Daniels, 1996).  
ݐ ൌ 	 ଶௗ௩                                                                                                                       Eq. (3.1) 
where t is the round-trip travel time, d is the distance between the two interfaces and v is 
the velocity of the electromagnetic wave in a dielectric medium. Propagation velocity can 
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be computed using the following equation which has been rewritten based on Maxwell’s 
equations: 
ݒ ൌ 	 ௖√ఌೝ                                                                                                                     Eq. (3.2)                         
where c is the speed of light (3 × 108 m/s), and εr is the relative dielectric permittivity of 
the medium.  
The velocity and relative dielectric permittivity can be calculated from the known 
ballast thickness and the travel time measured from the GPR traces. Obviously, fouling in 
fouled ballast models holds the moisture easily and becomes more difficult to distinguish 
moisture from fouling in GPR signal studies. Therefore, the dielectric permittivity and 
propagation velocity of each trace at each location were evaluated in different models to 
study the effects of water content and fouling separately. 
Figure 3.5 depicts the average Hilbert envelope from different locations of Model 
2 with different water contents. The delay between two peaks is the two-way travel time of 
signal in ballast layer. Figure 3.5 shows that traveling times increase with increasing water 
content in a constant density. Figure 3.6 shows the changes of dielectric permittivity and 
wave propagation velocity for all collected data in all models versus water content. Com-
paring dry samples (water content < 1%) in different models shows that fouling itself is not 
changing the permittivity and propagation velocity significantly. But water held by fouling 
has a significant effect on electromagnetic properties. In dry conditions, a 26% increase in 
fouling changes the average of velocity and dielectric permittivity about 12% and 24%, 
respectively. In studied models with constant fouling, 3 to 4% increase in water content 
changes the average of velocity about 22 to 26% and dielectric permittivity about 75 to 
90%.  
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3.6.3 The Effect of Density and Water Content on Frequency Spectrum Analysis  
In studies conducted by Clark et al. in 2004, Silvast et al. in 2006 and Al-Qadi et al. in 
2010, frequency analysis was used to evaluate the fouling condition and ballast thickness 
(Al-Qadi et al., 2010, Clark et al., 2004, Silvast et al., 2006). The presence of fouling par-
ticles increases the attenuation of the high frequency electromagnetic waves. Therefore, 
evaluating the frequency spectrum to study the attenuated energy may provide valuable 
information.  
Studying the frequency spectrum of traces using 2 GHz antenna at one location 
clearly showed that the area under the frequency spectrum decreases with an increase in 
water content, keeping the fouling percentage constant. The changes of normalized area 
for all collected data by 2 GHz antenna is shown in Figure 3.7(a). The trend demonstrates 
that the average of normalized areas decreases clearly by an increase in water content, 
although there is scatter for different locations in each model. A 4.5% increase in the aver-
age water content decreases the average of normalized area by 27%.  
Figure 3.5: The Effect of Moisture on the Hilbert Envelope (450 MHz antenna, Model 2) 
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 (a)  
(b)  
Figure 3.6: (a)The dieletric permittivity vs. water content (w%) in all models (2 GHz an-
tenna). (b) The signal propagation velocity vs. water content (w%) in all models (2 GHz 
antenna). Error bars represent the standard error regarding to water content results. The 
small circles represent the dependent variable in different locations for average water 
content and the bold larger markers are the average of smaller markers. 
Comparing the attenuated signal energy of dry samples (water content < 1%) at 
different densities in Figure 3.7(b) also illustrates that the effect of density on the spec-
trum’s area is significantly more than time domain analysis. Therefore, studying frequency 
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spectrum can be a better technique for distinguishing fouled and clean ballast in dry con-
ditions. Figure 3.7(b) also shows that a decrease in energy attenuation from clean ballast 
to medium fouled ballast is much more significant than medium fouled ballast to highly 
fouled ballast. In dry conditions, the normalized area under frequency spectrum reduces 
with an 22% per 23% increase in density from Model 1 to 2, while this change is not de-
tectable in the time domain parameters for the same density change.  
(a)  
(b)  
Figure 3.7: (a)The normalized area under Fast Fourier Transform (FFT) plot vs. water 
content (w%) in all models (2 GHz antenna). (b)The normalized area under FFT plot vs. 
dry density (2 GHz antenna). Error bars represent the standard error regarding to inde-
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pendent variables. The small circles represent the normalized area under frequency spec-
trum in different locations for average independent variables and the bold larger markers 
are the average of smaller markers. 
It has been observed that GPR traces from ballast with different fouling percentages 
have different magnitude of frequency spectra (Shao et al., 2011). In order to evaluate these 
changes in reflected GPR waves by changes in water content and density Figure 3.8 has 
been presented.  
Figure 3.8 demonstrates that the average peaks of Fast Fourier Transform (FFT) 
magnitude in the models for 2 GHz frequency antenna are decreasing slightly by an in-
crease in water content and density. Although there are some fluctuations in the dry condi-
tions (water content < 1%) and clean ballast, the regression shows a promising trend.  
According to Figure 3.8(a), as the average water content increases about 4.5%, the 
average peak of FFT magnitude decreases about 45%. While Figure 3.8(b) shows a de-
crease of 49% in the average peak of FFT magnitude as the result of 36% increase in dry 
density. Therefore, the effect of water in ballast, held by fouling, on the peak of FFT mag-
nitude is more significant than only fouling particles in dry condition.  
3.6.4 The Effect of Density and Water Content on Time Domain Analysis 
Ballast under different fouling conditions generates different electromagnetic (EM) 
scattering patterns (Al-Qadi et al., 2008). Evaluating the volume scattering of radar waves 
specifically in high frequency signals such as 2 GHz is a method to predict the air voids 
volume (Zhang et al., 2004) and other replaced materials in voids such as water or fine 
particles in fouled ballast. In order to study the effect of water content and density on the 
volume scattering of radar waves, each EM signal at each location in different models was 
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assessed. Due to the random volume scattering that is experienced by 2 GHz radar waves, 
there is no expectation of coherent arrivals from location to location. Therefore, the volume 
scattering of scattered signals from all locations of each model in dry condition was com-
pared. Also as explained in the previous sections, the changes in density is mostly related 
to the fouling in the studied models. 
(a)  
(b)  
Figure 3.8: (a) The peak magnitude of FFT vs. average water content (%) (2 GHz an-
tenna). The error bars are not included because the plot is vs. average water content. (b) 
The peak magnitude of FFT vs. dry density (2 GHz antenna). Error bars represent the 
standard error regarding to dry density results. The small circles represent the peak mag-
nitude of the frequency spectrum in different locations for average independent variables 
and the bold larger markers are the average of smaller markers. 
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This is as the result of unchanged geometry and same amount of clean ballast in the models. 
Based on this assumption, any changes in volume scattering amplitude is related to the 
density changes and this behavior is due to the reduced void size and void contrast in higher 
density models with higher fouling percentages.  
To quantify the changes of volume scattering versus dry density, two approaches 
have been used. These approaches include the area under the squared amplitude and the 
amplitude Standard Deviation (SD) for each trace. The reduction of volume scattering in 
the models can be numerically validated by Figure 3.9. This study shows that by 36% in-
crease in dry density as the result of 26% increase in breakdown fouling, the average of the 
squared amplitude area and the Standard Deviation (SD) amplitude of the traces are de-
creasing around 52% and 54%, respectively.  
As explained in the previous sections, highly fouled ballast results in undrained 
excess water in the track. Therefore, studying the effect of water content on traces without 
considering the fouling amount is not applicable. Figure 3.10 shows the effect of water 
content held by fouling on the area under the squared amplitude and the amplitude Standard 
Deviation (SD) of GPR traces. It is clear from these figures that the area under the squared 
amplitude and the SD of traces decrease with water content increase as the results of fouling 
increase. Quantitatively, the average area under the squared amplitude and the amplitude 
Standard Deviation (SD) of traces decrease about 74% and 53%, respectively with 4.5% 
increase in moisture held by more breakdown fouling material.  
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(a)  
(b)  
Figure 3.9: (a) Area under squared amplitude of traces vs. dry density (2 GHz antenna). 
(b) The standard deviations (SD) of traces amplitude vs. dry density (2GHz antenna).                            
Error bars represent the standard error regarding to dry density results. The small circles 
represent the dependent variables in different locations for average dry density and the 
bold larger markers are the average of smaller markers. 
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(a)  
(b)  
Figure 3.10: (a) The area under squared amplitude of traces vs. average water content 
(w%) in all models. (b) The standard deviation (SD) of traces amplitude vs. average wa-
ter content (w%) in all models. The error bars are not included because the plot is vs. av-
erage water content. The small circles represent the dependent variables in different loca-
tions for average water contents and the bold larger markers are the average of smaller 
markers. 
 Conclusion  
GPR and geotechnical index tests were acquired on full scale ballasted track models 
with different breakdown fouling percentages and water contents. Based on the data anal-
ysis, the effects of water content and density changes in the frequency and time analysis of 
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GPR reflected waves were discussed and evaluated qualitatively and quantitatively. Also 
a correlation has been suggested in this study for estimating the field capacity moisture 
based on breakdown fouling percentages.  
Ground coupled antenna with 450 MHz and 2 GHz frequencies were used in this 
study. The data were collected at different locations in cribs and shoulders of the test area. 
Data analysis was conducted on individual traces from each location. The 450 MHz an-
tenna was used mostly for verifying the results, layer thicknesses and measuring the die-
lectric permittivity. The 2 GHz antenna was used mostly for evaluating the effect of mois-
ture and density on scattering patterns and frequency analysis in the ballast layer. Based on 
this study the following conclusions can be drawn: 
 
 The techniques for building a ballast model with all substructure and superstructure 
features and with trapezoidal cross-section of ballast layer have been created and 
tested.  
 The design technique in correlating the changes in density only due to the fouling 
percentages for the models has also been created, tested and refined. 
 An increase in breakdown fouling will increase the field capacity water content. 
This behavior is a linear behavior. Based on experiments in this study a plot has 
been presented for estimating field capacity water content based on fouling per-
centages.  
 Under dry condition, density (in the range of 1500 to 2100 kg/m3) does not signif-
icantly affect the dielectric constant and wave propagation velocity.  
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 Excess water trapped in ballast because of voids filled by breakdown fouling sig-
nificantly affects the wave propagation velocity and dielectric constant. 
 Comparing the attenuated signal energy of dry samples shows that the effect of 
density on the frequency spectrum analysis is significantly more evident than on 
time domain analysis. 
 The normalized area under the frequency spectrum decreases with an increase in 
water content and density and this results from increased energy attenuation by 
moisture and fouling in the voids. 
 Moisture and density will also affect the magnitude of the frequency spectrum am-
plitude. This study shows that a few percentage points increase in water content has 
more effect on peak magnitude than about 36% change in density in dry condition. 
 Different methods have been evaluated to quantify the changes in wave scattering 
amplitude from changes in water content and density. These methods used the 
Standard Deviation of wave amplitude and area trapped by scattered wavelets. Both 
methods are showing a promising trend by changes in density and moisture. 
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CHAPTER 4 
4. LABORATORY EVALUATION OF RAILROAD BALLAST BEHAVIOR UN-
DER HEAVY AXLE LOAD AND HIGH TRAFFIC CONDITIONS2 
 Abstract 
Repeated loading of railroad traffic over a period of time results in both elastic defor-
mation and plastic settlement of the track foundation materials. The degree of ballast foul-
ing and moisture condition, affect the rate and magnitude of this degradation. In addition, 
defects from wheels or track super structure components such as rails can also expedite 
this degradation with increasing the repeated load impaction. Accumulation of traffic and 
increase in deformation of the track, leads the track to a point where maintenance is re-
quired. Therefore, studying the effects of these parameters and simulating the fouled ballast 
in different moisture condition stages under different loads can help the railroad industry 
to better understand the risk factors and maintenance needs of the track at different condi-
tions.  
In this study, a railroad ballast box test with new dimensions has been used to simulate 
the gradual degradation of fouled ballast at different moisture conditions under heavy axle 
loading and high traffic conditions. The tests were conducted on clean, moderately fouled 
and highly fouled ballast up to 2,500,000 cycles of repeated loading from dry to saturated 
conditions. The risk factor of traffic increase in saturated conditions simulating heavy rain-
fall conditions has also been evaluated. The final results have been compared with the 
                                                 
2 This paper is submitted for publication at Transportation Geotechnics Journal, ELSEVIER. 
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computer model suggested by Selig and Alva-Hurtado in 1982 and different measured set-
tlements in the field. The box test results present comparable results with field measure-
ments and computer modeling. The paper also concludes discussions about the effects of 
various factors on the rate and magnitude of the plastic and elastic settlement qualitatively 
and quantitatively. 
Keywords:  Fouled Ballast, Moisture, Settlement, Heavy Axle Load, High Traffic Condi-
tions 
  Introduction 
Under good track conditions, where there is a filter layer between the ballast and sub-
grade and also a strong subgrade or subballast/subgrade combination, ballast is the main 
source of settlement (Selig & Waters, 1994). Ballast becomes fouled by the contamination 
due to abrasion of ballast under repeated loading or infiltration of other materials. The most 
common source of ballast fouling is abrasion fouling, also known as breakdown fouling, 
contributes to 76% of the ballast fouling (Selig & Waters, 1994, Selig & Russo, 1991). 
Fouling also holds the water entering from the surface by filling the voids over time. Foul-
ing and moisture degrades the ballast over time with repeated traffic loading and causes 
geometric deformation. The geometric deformation produces vibration, decreases the ride 
quality and may also cause safety problems: Regarding to the Rail Equipment Accident 
(REA) databases recorded by Federal Railroad Administration (FRA) from 2001 to 2010 
and analysis performed at the University of Illinois Urbana-Champaign, track geometry 
problems cause 7.3%, 7.2% and 3.6% of the freight train derailments in main, siding and 
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yard types of track, respectively. This represents the second highest cause of freight train 
derailment in the main lines (Liu et al., 2012).  
To keep the geometry in good condition, track maintenance such as undercutting, sur-
facing or renewal of fouled ballast is performed. Maintenance work is often performed by 
railroad inspectors who usually don’t have defined criteria for critical fouling and moisture 
conditions. 
By conducting experimental tests, Freeme and Servas (1985) qualitatively reported 
that high amount of fine particles and moisture in granular materials under repeated loading 
can drastically change the rate and magnitude of settlement (Freeme & Servas, 1985). 
Many numerical and experimental studies have been performed to evaluate the resilient 
and permanent deformation behavior of ballast under repeated loading and effective pa-
rameters (Brown, 1974, Gräbe & Clayton, 2009, Han & Selig, 1997, Huang & Tutumluer, 
2011, Indraratna, 2007, Shenton, 1975, Mishra et al., 2013, Norman & Selig, 1983, Qian 
et al., 2015, Selig, 1982, Stewart, 1982, Selig, 1981, Yoo, 1979). But there are still chal-
lenges in quantifying the geotechnical ballast properties that might change the settlement 
rate and magnitude significantly and cause safety issues. Quantifying these parameters will 
help the railroad industry to recognize the critical points of moisture and fouling for better 
prioritizing sections need maintenance. This will decrease accidents caused by track settle-
ments.  
In summary, most of the past research has evaluated the ballast in small scale tests 
with loads equivalent to passenger train loads, other types of fouling and low numbers of 
cycles (up to 1×106). In this research the box tests with modified dimensions have been 
conducted on clean and breakdown fouled ballast. While the traffic was increasing, water 
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was added to simulate the gradual degradation of non-tamped ballast in heavy axle load 
(HAL) conditions up to 2,500,000 cycles of load. The design and construction of the box 
test set up, methodology and the results evaluating effects of different geotechnical prop-
erties on ballast settlement will be discussed and presented.   
  Design and Construction of the Ballast Box Test 
To simulate the behavior of ballast under dynamic loading, ballast box test has been 
used since its development at the University of Massachusetts in 1983 (Norman & Selig, 
1983). The box tests were conducted on ballast for better understanding of ballast field 
performance under dynamic loading. Tests have had comparable results with the measure-
ments in the field. Recent numerical analyses have shown that there are some issues such 
as significant reduction of ballast strength capacity, increase in plastic deformation, rota-
tional instability of the tie and punching shear at the depth of the sample in the old box test 
that affected the results. These problems are mostly because of shear stress concentrations 
as the result of inappropriate boundary conditions. As the result of finite element model-
ling, a 50% increase in the box dimensions was suggested to eliminate the shear stress 
concentrations (Bennett et al., 2011). In this study a box apparatus with new dimensions 
and draining system was constructed at the University of Massachusetts, Amherst to over-
come the problems mentioned above. Figure 4.1 shows a cross-section of the box set up. 
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Figure 4.1. Schematic Section of the Modified Box Apparatus 
The modified box test apparatus was made with the dimensions of 52 in. (132 cm) 
long, 33 in. (84 cm) wide and 20.5 in. (52 cm) deep to modify the old box apparatus di-
mensions of 24 in. (61 cm) long, 12 in. (30.d cm) wide and 19 in. (48 cm) deep.    
The walls of the box consisted of fix and removable sections for facilitating the testing 
process. The walls were bolted to a 52 in. (132 cm) × 33 in. (84 cm) × ½” in. (12.7 mm) 
steel plate welded on three longitudinal steel I beams. A drain line at one end of the bottom 
of the box was attached to a water pump for water inflow and discharge. The box was 
placed in a self-reacting load frame and loaded by using an MTS servo controlled hydraulic 
system with a 500 kN (110 kip) capacity actuator.  To transfer the load from the actuator 
to the substructure, a 27.5 in. concrete tie including fastening components and rail was 
used.  This tie length was selected to have a symmetrical distance to the walls. A linear 
variable differential transducer (LVDT) was held by a frame attached to the box in order 
to record the differential settlement between the box and the tie and also eliminate any error 
records in the settlement measurements from the box movement. The tests were conducted 
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under the assumption of negligible tie tilting toward the middle of the tie. Figure 4.2 shows 
images of the load frame and the box test set up.  
 
          
Figure 4.2. The Ballast Box Test Setup at the University of Massachusetts, Amherst 
 Methodology 
Railroad track elastically deforms under each application of a wheel load. Also it set-
tles because of plastic deformation in the ballast, subballast and subgrade through accumu-
lation of many cycles of loading. The elastic deformation measures the track properties 
such as stiffness. The plastic settlement causes the degradation of the track which deterio-
rates the track geometry and leads to necessary track maintenance (Selig, 1982).  Railroad 
line traffic relates to the number of load cycles in the measuring amount of time, the mag-
nitude of the axle loads using the line and the number of axles per load cycle by the fol-
lowing equation (Li, 2016):  
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௕ܰ ൌ 	 10଺ 4 ௦ܲൗ                                                                                                         Eq.  (4.1) 
where Nb is the number of load cycles per Million Gross Tons (MGT) for ballast layer and 
Ps is the static wheel load in tons.  
By using laboratory tests, Freeme and Servas (1985) showed that an increase in the 
amount of fine particles in substructure granular material under accumulation of repeated 
loading will increase the amount of deformation (Freeme & Servas, 1985). They also 
showed that existence of water in substructure material will change the settlement rate of 
substructure under accumulation of repeated loading (Figure 4.3). Figure 4.3 qualitatively 
shows that settlement rate over traffic loading is repeatable under the same moisture con-
dition.  
 
Figure 4.3. Effect of Material Quality on Granular Behavior (Freeme & Servas, 1985) 
In this study a large scale laboratory model is used to evaluate the cumulative effect 
of water content and fouling on the elastic and plastic deformation of ballast by many cy-
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cles of traffic loading qualitatively and quantitatively. To simulate the degradation of bal-
last by increase in traffic loading and also evaluate the effect of water and fouling in the 
rate of this degradation, clean and fouled ballast were subjected to cyclic loading in the 
modified box test. Initially, the material with defined fouling content was compacted in the 
box with densities close to the measured densities in the real track (Selig, 1989) (Table 
4.1). To simulate gradual degradation of ballast by increase in amount of water held by 
breakdown fouling, water was added to the ballast while the amount of cyclic loading was 
increasing.  
To evaluate the effect of water content on the rate and amount of elastic deformation 
and plastic settlement, cyclic loading was continued until the rate of deformation versus 
loading cycles became constant. Then, the tests were stepped up to the next water content 
stage by adding water to the ballast. The water content stages have been discussed in sec-
tion 3.2.   
Defects on the rail or the train wheels can cause sudden impacts on the track that in-
crease the amount of load. Few heavy wheel loads as the result of rail or wheel defects, 
such as impact from wheel flats, can cause as much track deformation as many trains with 
smaller loads (Stewart, 1982). Therefore, the effect of load change has been also evaluated 
in this research. The effect of loading on the rate and amount of elastic deformation and 
plastic settlement was evaluated only under a saturated condition. The loading stages have 
been discussed in section 3.3. 
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4.4.1 Ballast and Fouling 
The ballast in this evaluation was Connecticut granite crushed stone meeting American 
Railway Engineering and Maintenance-of-Way Association (AREMA) #4 gradation 
(AREMA. Manual of Railway Engineering, 2006).  The tests were conducted on clean bal-
last with <5% fouling, moderately fouled ballast with approximately 15% fouling and 
highly fouled ballast with approximately 30% fouling. Percent fouling is the ratio of fine 
particles weight passing through a 3/8” sieve to the total weight of the fouled ballast (Selig 
& Waters, 1994). The breakdown fouling material used in this study consisted of abraded 
stone dust from the same source. This type of fouling was selected because it typically 
contributes a large percentage of actual fouling (Selig & Waters, 1994). To ensure the uni-
formity of ballast density, the tests were prepared with careful control on the mass and 
volume.  
The ballast in the box was compacted in six lifts as three 3 in. (7.6 cm) lifts and three 
2.5 in. (6.3 cm) lifts from the bottom to the top. A 27.5 in. (69 cm) long concrete tie was 
placed on the top of the last layer and was imbedded in 4 in. (10 cm) tapered layer of ballast.  
In order to have uniformly distributed fouling in the fouled ballast, each layer was 
divided into several sub-layers and the computed amount of fouling was added after spread-
ing each sub-layer of clean ballast with compaction followed. In order to look at the effect 
of fouling in this study, all mixtures had the same amount of clean ballast. The only variable 
changing the ballast density was the amount of breakdown fouling filling the voids.  
To verify the AREMA gradation and amount of fouling in the samples, Grain Size 
Distribution (GSD) tests were performed in accordance with ASTM D6913-04 (American 
Society for Testing and Materials.). Measured density and parameters derived from GSD 
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test are presented in Table 4.1. The GSD plots for the clean and fouled ballasts are presented 
in Figure 4.4. 
 
Figure 4.4. Grain Size Distribution Plot 
4.4.2 Water Content 
In order to evaluate the effects of water content on the ballast settlement rate and mag-
nitude, five different water contents were determined from dry to saturated conditions. Ta-
ble 4.1 shows the determined and measured water contents in the tests. To determine the 
amount of water needed to be added to the ballast, reconstituted samples with the same 
grain size distributions were built at the same room temperature in the lab. The ballast was 
saturated with water and drained immediately following by water content sampling 
(Kashani et al., 2016). Dry condition was defined as zero water content and two points of 
w1 and w2 were defined as ⅓ and ⅔ of distance between dry and field capacity as interme-
diate water contents. The water content sampling for this study and minimum requirement 
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for mass of test specimen were all performed in accordance with ASTM D2216-05 stand-
ard (American Society for Testing and Materials.). The measured water content was the 
average of five to six samples from each reconstituted sample. 
To keep track of the change in water content over cycles, a reconstituted sample was 
built at the same room temperature for each test during conducting the test. The water was 
added to the reconstituted sample at the same time that water was added to the main sample 
in the box. The water content samples were collected at the same time period (number of 
cycles) that the settlement data were collected.  The water content for each testing stage is 
the average of collected samples at different cycles of that test stage.  
For the intermediate water contents, the water was introduced to the box test from the 
top by measuring water flow rate. The box and reconstituted sample were covered for 16 
hours to allow the water to be equilibrate prior to the start of the test. The box and recon-
stituted samples at intermediate moisture content and field capacity conditions were cov-
ered by a polyethylene sheet to minimize the effects of evaporation during the cyclic load-
ing. 
For the field capacity water content, the box and reconstituted sample were inundated 
with water from the bottom for saturation verification. After complete saturation, the sam-
ples were drained followed by cyclic loading. For the saturated conditions the box was 
filled with water and the test started immediately.  
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Table 4.1: Geotechnical Properties of Clean and Fouled Ballast 
Parameters Clean (F0) 
Moderately Fouled 
(F15) 
Highly Fouled 
(F30) 
Fouling (%) 1.3 14.9 27.1 
D10(mm) 16.7 1.2 0.2 
D30(mm) 21.2 19.5 13.0 
D50(mm) 24.0 22.7 21.0 
D60(mm) 25.2 24.2 23.0 
Cu 1.5 20.2 100.0 
Cc 1.1 13.1 31.9 
Dry Density (kg/m3) 1555 1921 2117 
     
Targeted Water Content from Reconsti-
tuted Samples (%) 
Dry  0.0 0.0 0.0 
w1 0.3 1.1 1.6 
w2 0.5 2.1 3.2 
Field Capacity 0.8 3.2 4.8 
Saturated --- --- --- 
Measured Water Content (%) 
Dry  0.1 0.3 0.6 
w1 --- 1.8 1.8 
w2 --- 2.1 3.1 
Field Capacity 0.6 3.4 4.7 
Saturated --- --- --- 
Note: Parameters D10, D30, D50, D60, Cu and Cc are the diameters of the grains at 10%, 30%, 50%, 60% sieve passing, 
Coefficient of uniformity and curvature of tested ballast, respectively. 
4.4.3 Loading 
As it was discussed in the previous sections, at test stages with different water content 
amounts the load was constant. The constant load selected for these tests was 78.75 kip 
(39.4 tons) static axle load based on the Association of American Railroads (AAR) Manual 
recommendations for wheels and axles (AAR Manual, 2013). The selected wheel diameter 
was 38 inches (96.5 cm) and the cyclic load frequency was 1 Hz. To prevent impact of the 
load, the seating load of 0.2 kips (0.1 tons) was used.  
The dynamic factor was calculated using the AREMA suggested equation:  
ௗܲ ൌ 	 ௦ܲሺ1 ൅ 0.33൫ܸ ܦൗ ൯ሻ                                                                                       Eq. (4.2) 
where Pd is the dynamic wheel load, Ps is the static wheel load, V is the maximum train 
speed assumed 60 mph and D is the wheel diameter equal to 38 inches (96.5 cm). The 
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dynamic factor is (1 + 0.33(V/D)) which for this study is 1.52 and results in dynamic wheel 
load of approximately 60 kips (26.8 tons). 
To calculate the Equivalent Wheel Load (EWL) according to the concrete tie segment 
and fastening component properties used in the lab, GEOTRACK model was used. GE-
OTRACK is a three-dimensional superposition model for determining the response of the 
track structure using stress-dependent properties of the substructure materials (Chang, 
1980). In GEOTRACK model 60 kips (26.8 tons) dynamic load was applied on every other 
tie in a six tie sequence and the pressure underneath the end of the middle tie, producing 
the highest stress, was selected. The ties used in the GEOTRACK model were 103.5 inches 
(262.9 cm) long with 24 inches (61 cm) spacing.  The stresses determined from GE-
OTRACK modeling compared well with under tie stresses from field measurements 
(McHenry, 2014). Ten thousand cycles of the load in this study is equivalent to 0.8 million 
gross ton (MGT).   
The dynamic wheel load shouldn’t exceed more than ten to twenty percent of static 
load if the rail is well maintained. However, the rail or wheel defects can cause very high 
loads (Selig & Waters, 1994). In order to simulate the effects of high impact loading of 
moderately and highly fouled ballast at heavy rainfall conditions, after performing the load 
equivalent to 60-kip wheel load under saturated conditions and stabilization of the deflec-
tion-cycle curve, the load was stepped up to higher loads. The loads were increased by the 
factors of 25%, 50% and 75%. These applied loads were equivalent to 75, 90, and 105-kip 
wheel loads. The load increase can also be used to evaluate the safety factor of regular 
loadings at saturated conditions of moderately and highly fouled ballast. Table 4.2 shows 
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different stages of the tests at different water contents and different loading conditions in 
addition to the amount of traffic that each stage of test represents.  
Table 4.2: The Traffic MGT at Different Stages of the Box Tests 
Moisture Con-
dition Load (EWL) Clean 
Moderately 
Fouled (F15) 
Highly 
Fouled (F30) Test Stage 
Dry 60kips 
 
9 MGT 
 
14 MGT 
 
14 MGT 1 
W1 60kips --- 
 
29 MGT 
 
29 MGT 2 
W2  60kips --- 
 
43 MGT 
 
43 MGT 3 
Field Capacity 60kips 
 
25 MGT 
 
74 MGT 
 
74 MGT 4 
Saturated 
 60kips 
 
40 MGT 
 
104 MGT 
 
104 MGT 5 
 75kips (25% increase) --- 
 
127 MGT 
 
127 MGT 6 
 90kips (50% increase) --- 
 
180 MGT 
 
180 MGT 7 
 105kips (75% increase) --- 
 
221 MGT 
 
221 MGT 8 
 Results and Discussion 
4.5.1 Dynamic Behavior of Fouled and Moist Ballast 
Cyclic dynamic wheel loading and unloading from train traffic causes elastic defor-
mation and plastic settlement in the track. Fouling material produced from this dynamic 
loading will change the behavior of the track under the repeating load. Water held by foul-
ing particles will make the degradation rate even faster.  
A typical pattern for cyclic loading in granular materials has been presented in Figure 
4.5. This plot shows that the primary loading cycles produce a significant initial plastic 
settlement and the following cycles will add smaller plastic deformations to the initial set-
tlement. After few cycles, the material deformation becomes mainly elastic, and there is 
elastic or recoverable strain in every cyclic load. The amount of plastic settlement will 
reach equilibrium after some amount of loading as a result of the particles not having any 
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more room to move or the load not being high enough to break more particles. In previous 
studies, the plastic equilibrium occurs after approximately 10000 cycles (Brown, 1974), 
which has a good agreement with this study (Figure 4.6).  
In this study, the ballast resilient and plastic behavior have been studied by accumula-
tion of many load cycles, and also each cycle has been evaluated under different fouling 
conditions, different moisture contents and loading stages. The results are discussed in the 
next sections.   
 
Figure 4.5. Stress-Strain Curve under Repeated Loading (Selig, 1982) 
 
Figure 4.6. Settlement per Cycle in Moderately Fouled Ballast (F15) for EWL of 60 kips 
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4.5.2 Plastic Settlement 
Figure 4.7 presents the permanent strain changes versus cumulative traffic for fouled 
ballast. This figure shows that after adding moisture from dry to field capacity conditions, 
the highly fouled ballast (F30) strengthens from the increase in traffic and shows less set-
tlement than moderately fouled ballast (F15). This strengthening is because of high capillary 
tension between the fine particles in highly fouled ballast and better compaction because 
of the ballast being more well-graded. By saturating the highly fouled ballast and eliminat-
ing the capillary tension, the settlement increases drastically in amount and rate by increase 
in amount of traffic. This behavior indicates the risk of a significant settlement for highly 
fouled ballast at a heavy rainfall and high traffic conditions. Moderately fouled ballast after 
saturation doesn’t show a sudden change in the rate and amount of settlement. In saturated 
conditions, increase in amount of cyclic loading has a small effect on the amount and rate 
of settlement in both moderately and highly fouled ballast. 
 
Figure 4.7. Plastic Strain vs. Traffic in Fouled Ballast 
The amount of settlement over accumulation of traffic is related to the amount of set-
tlement at 1 MGT and the amount of traffic after 1 MGT (Selig & Waters, 1994). Therefore, 
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evaluating the effects of geotechnical properties and load increase on the rate of settlement 
can be studied without considering the initial porosity and stress level of the ballast. Selig 
et al. in 1981 by conducting field tests reported that the best fit equation for evaluating the 
rate of settlement is power equation (Eq. (4.3)). To evaluate the effects of geotechnical 
properties and load increment on the rate of settlement, the power equation of strain 
changes versus traffic plots in log-log scale has been studied after 1 MGT traffic. 
4.5.2.1 The Effect of Water Content 
Figure 4.8 shows the changes of plastic strain versus traffic at different moisture con-
ditions but at constant fouling conditions. Figure 4.9 presents the power of the best fitting 
equations of the log-log scale plots in Figure 4.8 versus water content from dry to field 
capacity conditions after 1 MGT traffic. 
In clean ballast, the rate of settlement does not change significantly from dry to field 
capacity conditions (Figure 4.8a and 9). Saturation in clean ballast increases the rate of the 
settlement versus traffic (Figure 4.8a) although saturation might not happen for clean bal-
last in the real track.  
In moderately fouled ballast the rate of settlement increases with increase in water 
content from dry to saturated conditions (Figure 4.8b and 9). In highly fouled ballast the 
rate of settlement increases with an increase in water content from dry to intermediary 
water content conditions (w2). In the field capacity conditions of highly fouled ballast the 
rate of settlement decreases because of strengthening due to capillary tension as discussed 
in the previous sections (Figure 4.8c and 9). Saturation which eliminates the capillary ten-
sion, increases the rate of settlement drastically with an increase in the amount of traffic.  
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The rate of degradation of moderately fouled ballast by increase in moisture over increase 
in amount of traffic is higher than highly fouled ballast from dry to field capacity conditions 
(Figure 4.9).  
In moderately and highly fouled ballast, about 3% increase in the amount of water 
content quadruples and doubles the rate of settlement versus traffic, respectively.  
 
(a)  (b) 
 
 (c) 
Figure 4.8. Plastic Strain vs. Traffic (Log-Log Scale) at Different Water Contents but 
Constant Equivalent Wheel Load of 60 kips (a) Clean Ballast (b) Moderately Fouled Bal-
last (F15) (c) Highly Fouled Ballast (F30) 
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Figure 4.9. The Best Fit Equation Power of Plots in Figure 4.8 vs. Water Content  
4.5.2.2  The Effect of Fouling Percentage 
Figure 4.10 shows the changes of plastic strain versus traffic in log-log scale at differ-
ent fouling conditions and constant moisture conditions. Figure 4.11 presents the power of 
the best fitting equations of the log-log scale plots in Figure 4.10 versus fouling percent 
after 1 MGT. 
An increase in fouling from clean to moderately fouled ballast at dry conditions does 
not have a significant effect on the rate of settlement while the change in fouling has a 
significant effect on the rate of settlement for ballast at field capacity and saturated condi-
tions (Figure 4.10 and 11).  
An increase in fouling percentage from moderately fouled ballast (F15) to highly fouled 
ballast (F30) has a significant effect on the rate of settlement over traffic increase for all 
water content conditions except field capacity. This was discussed in previous sections 
(Figure 4.10 and 11). 
The degradation of fresh ballast to moderately fouled ballast and from moderately 
fouled ballast to highly fouled ballast as a result of 15% increase in amount of fouling 
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results in an average of 70 to 80% increase in the rate of settlement versus traffic for all 
moisture conditions.  
  
(a)  (b) 
 
(c) 
Figure 4.10. Plastic Strain vs. Traffic (Log-Log Scale) at Different Fouling Percentages 
(a)Dry Conditions (b)Field Capacity Conditions (c)Saturated Conditions 
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Figure 4.11. The Best Fit Equation Power of Plots in Figure 4.10 vs. Fouling Percentages  
4.5.2.3 The Effect of Load increase 
Figure 4.12 shows the changes of plastic strain versus traffic in log-log scale for dif-
ferent loading conditions and saturated moisture conditions. This figure illustrates that at 
moderately and highly fouled conditions a load increase up to 75% of dynamic load does 
not significantly affect the rate of settlement over traffic increase.  
 
(a) 
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(b) 
Figure 4.12. Plastic Strain vs. Traffic (Log-Log Scale) at Saturated Conditions and Dif-
ferent Loading Conditions (a) Moderately Fouled Ballast (F15) (b) Highly Fouled Ballast 
(F30)  
4.5.3 Resilient Behavior 
4.5.3.1 Single Loading Cycle and the Effect of Indices Properties and Load Increase 
To evaluate the effect of water content, fouling and loading on resilient behavior, the 
secant modulus of the loading hysteresis loop was normalized by the applied load. Figure 
4.13 shows the normalized secant modulus of one cycle of loading and unloading at 100, 
300, 1000, 10000, 30000, 100000, 200000 cycles and at different stages of the tests.  
This figure illustrates that for clean ballast with an increase in traffic, the secant mod-
ulus of the loading hysteresis loop increases linearly. In addition, in clean ballast, increase 
in compaction from traffic has more significant effect on the ballast strength than changes 
in moisture from dry to saturated conditions.  
In moderately and highly fouled ballast (F15 and F30), although the moisture is increas-
ing from dry to field capacity conditions, the secant modulus of the loading hysteresis loop 
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increases by increase in traffic loading. In other words, the effect of compaction from traf-
fic is more significant than degradation by moisture increase. However, at saturated con-
ditions, even with an increase in loading, the effect of moisture overcomes the effect of 
traffic loading in fouled ballast and the secant modulus significantly decreases by increase 
in MGT.  
The rate of secant modulus increase as a function of MGT under highly fouled ballast 
conditions (F30), is higher than moderately fouled ballast (F15) from dry to field capacity 
conditions. This may be the result of better compaction of ballast with better graded ballast 
over increase in traffic.  
In ballast with 15% and 30% fouling, with 3% and 4% increases in water content from 
dry to field capacity conditions, normalized secant modulus of hysteresis loop increases by 
25% and 30%, respectively. The amount of normalized secant modulus in the first four 
stages of ballast test with different fouling percentages is in the order of clean, highly fouled 
ballast and moderately fouled ballast. Clean ballast has the higher modulus because of a 
strong contact between the angular particles. In fouled ballast which there is not much 
contact between angular particles, the highly fouled ballast has higher modulus. This is 
because most of the voids are filled with fouling and there is no room for ballast particles 
to move. Even breaking particles will make this situation worse. In moderately fouled bal-
last there is still enough air in the voids to get replaced by breaking particles and allow the 
ballast particles to move, so it is showing the lowest modulus. 
After saturation the secant modulus of moderately fouled ballast becomes more than 
highly fouled ballast. This is as the result of insufficient permeability in highly fouled bal-
last to prevent pore water pressure created by repeated loading (Freeme & Servas, 1985). 
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Figure 4.13. Normalized Secant Modulus of Hysteresis Loop after 100, 300, 1000, 10000, 
30000, 100000, 200000 cycles vs. Traffic 
4.5.3.2 Cumulative Loading and the Effect of Indices Properties and Load Increase 
Figure 4.14 shows the cumulative permanent settlement and elastic deformation of 
moderately fouled and highly fouled ballast versus traffic. The solid lines indicate the plas-
tic settlement which was discussed earlier and the dashed lines indicate elastic deformation.  
This figure shows that in moderately and highly fouled ballast by increase in amount 
of traffic and increase in water content from dry to field capacity conditions, the elasticity 
of the ballast increases. This behavior is obvious by tracking the difference between plastic 
settlement and elastic deformation. This is as the result of degradation by moisture increase 
and accumulation of repeated loading. There is an exception in highly fouled ballast from 
w2 to FC conditions that might be because of ballast strengthening by high capillary tension 
in fine particles. 
Figure 4.14 also indicates that at saturated conditions, an increase in amount of loading 
results in an increase in the elasticity of fouled ballast by increase in accumulation of re-
peated loading. Figure 4.15 presents the same data shown in Figure 4.14 by showing the 
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average of difference between plastic settlement and elastic deformation at different stages 
of test. The amount and rate of increase in elasticity of fouled ballast over accumulation of 
traffic loading have been discussed in the following sections.  
 
Figure 4.14. Elastic Deformation and Plastic Settlement vs. Traffic in Fouled Ballast 
 
Figure 4.15. The Average Difference between Cumulative Plastic Settlement and Elastic 
Deformation (Elasticity) at Different Stages of the Tests 
In order to quantitatively evaluate the effect of geotechnical properties and load in-
crease on the elasticity of the fouled ballast, the average difference between plastic settle-
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ment and elastic deformation was determined. Figure 4.16 shows the effect of water con-
tent on the difference between fouled ballast elastic deformation and plastic settlement. 
Based on this plot degradation of fouled ballast as the result of moisture, increases the 
elasticity linearly from dry to field capacity conditions over increase in traffic. The highly 
fouled ballast in field capacity conditions is an exception that shows low elasticity because 
of strengthening that has been discussed in the previous sections. In moderately and highly 
fouled ballast, about 3% increase in the amount of water content can triple the difference 
between elastic deformation and plastic settlement by traffic accumulation.  
 
Figure 4.16. The Average Difference between Cumulative Elastic Deformation and Plas-
tic Settlement vs. Water Content 
Figure 4. 17 shows the effect of load increase on the difference between fouled ballast 
elastic deformation and plastic settlement at saturated conditions. This plot shows that elas-
ticity has a linear correlation with traffic load increase. A 25% increase in dynamic load 
created by track defections can increase the elastic deformation from 20 to 35%. 
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Figure 4.17. The Average Difference between Elastic Deformation and Plastic Settlement 
vs. Equivalent Wheel Load (EWL) at Saturated Conditions 
 Validity of the Box Test Results  
In order to verify the applicability of the modified box test for predicting the settlement 
of ballast under heavy axle load (HAL), the box test results from this study were compared 
with real track settlement measured in FAST site in 1979 and 1981 (Selig et al., 1981, 
Selig, 1981, Yoo, 1979) and predicted values of permanent strain by both stress paths and 
compaction states (Selig, 1982). Figure 4.18 shows the dynamic strain records from FAST 
test site in 1979 (Yoo, 1979), predicted values from a suggested equation (Selig, 1982), 
and non-compacted box test results of this study at different fouling conditions and at dry 
conditions. From the field measurements, each cycle of axle static load for the FAST car 
represents 65.8 tons which is higher than approximately 60 tons dynamic axle load in this 
study. The amount of vertical strain measured from the box test at moderately and highly 
fouled conditions are in good agreement with the lower range of the site measured data and 
predicted values for compacted samples. This is likely as the result of dry conditions of the 
box test results or lower load applied to the box. Comparing the box test results with the 
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predicted values of compaction states (Selig, 1982) shows that clean and fouled ballast box 
test results have a better agreement with compacted and uncompacted predictions, respec-
tively.  The friction angle values that have been used in the model (Selig, 1982) changes 
from 37.8 to 44.4 degrees from uncompacted to compacted samples and this value for the 
box test samples are between 39.0 to 40.6 from clean to highly fouled ballast. Therefore, 
predicted results also have a logical agreement with the box test results.      
  
Figure 4.18. Comparison between Box Test Results with Recorded Data in FAST Site 
and Predicting Model (Selig, 1982) 
The ballast strain after T traffic in MGT is related to the ballast strain after 1 MGT of traffic 
regarding to the following equation (Selig & Waters, 1994): 
ԑ் ൌ 	 ԑ்ଵ	ܶ௖                                                                                                             Eq. (4.3) 
where ԑT is ballast strain after T traffic, ԑT1 is ballast strain after 1 MGT and c is a constant 
exponent. For measured data in the FAST test site with a 33 ton-axle load c = 0.21 was 
suggested (Selig et al., 1981, Selig, 1981). As the FAST site field results were not evaluated 
base upon fouling content or water content, Figure 4.19 indicates a random selection of the 
comparison of box test results with FAST site measurements at different water content (dry 
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to field capacity) and fouling conditions. As can be seen in Figure 4.19, the results from 
the box test has a good compatibility with Eq. (4.3) and constant c parameter selected based 
on FAST site measurements. Figure 4.20 shows the range of difference between predicted 
values from Eq. (4.3) and box test results at different stages of the test and different rec-
orded loading cycles. The positive values indicate an over prediction; the negative values 
show an under prediction.  
It can be seen that in the four initial stages of the test with clean and fouled ballast and 
from dry to field capacity conditions, the error in strain values are less than 0.5%. In satu-
rated conditions and increase in amount of load, the error between predicted values and 
box test results increases significantly. In addition, by increase in amount of moisture and 
load or increase in the number of test stages, Eq. (4.3) under predicts the strain values 
measured from the box test. Hence, data derived from Eq. (4.3) has a good agreement with 
box test results in water contents before saturation and the difference is not significant. 
Under saturated conditions and high loads, Eq. (4.3) under predicts the settlement in com-
parison with experimental results.  
 
   (a)                                                                          (b)                         
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(c) 
Figure 4.19. Comparison between Plastic Strain Measured from Box Test and Eq. (4.3) 
(a) F0 at Field Capacity Conditions (b) F15 at Intermediate Water Content Conditions (c) 
F30 at Dry Conditions  
 
Figure 4.20. The Difference between Plastic Strain Measured from the Box Test and Pre-
dicted by Eq. (4.3) vs. Test Stages  
 Conclusions 
Modified box test with cyclic equivalent Heavy Axle Load (HAL) were conducted on 
granite ballasted track with different fouling and moisture conditions at the University of 
Massachusetts, Amherst. The tests were continued up to 2,500,000 cycles to evaluate the 
effect of fouling percentage and water content on the dynamic behavior of ballast under 
heavy axle load and high traffic conditions. The dimension of the box test was modified 
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from its original version to decrease the effect of the boundary conditions and simulate the 
real conditions of the ballast under loading. The results were also verified with field meas-
ured data to evaluate the validity of the simulation. This can help the railroad industry to 
better understand the risk factors and maintenance needs of the track at different conditions. 
Based on the data analysis, the effect of these parameters were discussed and evaluated 
qualitatively and quantitatively on plastic settlement and elastic deformation of the bal-
lasted track. Based on this study the following conclusions can be drawn: 
 The results from this study have a good agreement in trend and value with field 
measured data in FAST test site. This validates the simulation of the modified box 
test with new dimensions.   
 For ballast with the same material properties used in this study, Selig et al.’s equa-
tion (Eq. (4.3)) for predicting the ballast settlement is valid for clean and fouled 
ballast from dry to field capacity conditions. In addition, the results from this study 
shows that Selig et al.’s equation (Eq. (4.3)) is not appropriate for saturated condi-
tions.  
 Highly fouled ballast at heavy rainfall and high traffic conditions has the risk of 
significant settlement. In highly fouled ballast, the rate of settlement (inches/cycle) 
at saturated conditions can increase up to 50 times of field capacity conditions. This 
is because of the elimination of capillary tension formed at intermediary moisture 
conditions introducing a temporary strength.     
 In clean ballast, the rate of settlement versus traffic does not change significantly 
from dry to field capacity conditions. 
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 The settlement rate of moderately fouled ballast (F15), by increase in moisture over 
increase in amount of traffic, is higher than highly fouled ballast (F30) from dry to 
field capacity conditions. Based on this study, a 3% increase in water content quad-
ruples the rate of settlement versus traffic in moderately fouled ballast and doubles 
the rate of settlement versus traffic in highly fouled ballast.  
 The effect of the fouling percentage increase from clean to moderately fouled bal-
last on the settlement rate is significant at field capacity and saturated conditions 
and negligible at dry conditions.  
 The effect of the fouling percentage increase from moderately to highly fouled bal-
last on settlement rate is significant at all water contents. 
 Regarding this study’s results, an increase in load up to 75% does not significantly 
affect the rate of settlement versus traffic.     
 At saturated conditions, an increase in amount of loading results in an increase in 
the elasticity of fouled ballast by increase in accumulation of repeated load 
 In clean ballast, an increase in compaction from traffic has a more significant effect 
on the ballast strength than changes in moisture from dry to saturated conditions.  
 In moderately and highly fouled ballast (F15 and F30) at moisture contents ranging 
from dry to field capacity, the effect of compaction from traffic is more significant 
than the degradation by moisture increase on the ballast strength. However, at sat-
urated conditions, the effect of moisture overcomes the effect of traffic compaction 
because of insufficient hydraulic conductivity to allow the dissipation of excess 
pore water pressure.  
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 In moderately and highly fouled ballast, about a 3% increase in the amount of water 
content can triple the elastic deformation by traffic accumulation. 
 Elasticity has a linear relationship with traffic load increase. 
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CHAPTER 5 
5. FOULING AND WATER CONTENT INFLUENCE ON THE BALLAST DE-
FORMATION AND ELECTROMAGNETIC PROPERTIES   
 Introduction 
Infiltration of fines into ballast layer due to breakdown of granular particles, or break-
down fouled ballast creation, is a common track damage that leads a track to roughness 
problems and losing its acceptable ride quality and safety standards. Fouling and water 
held by fouling gradually deteriorates ballast by reducing hydraulic conductivity and 
strength properties (Fortunato et al., 2010, Han & Selig, 1997, Indraratna & Salim, 2005, 
Selig & Waters, 1994). This situation leads a track to require maintenance. Increase in train 
traffic and load carrying capacity will result in more ballast breaking down and conse-
quently higher maintenance costs. Railroads spend tens of millions of dollars for ballast 
and related maintenance in the U.S. (Railroad Facts, 2014).  A considerable proportion of 
these costs are related to geotechnical problems of a track as the railroad foundation. There-
fore, studying geotechnical deformation properties of ballast and understanding its perfor-
mance at different situation will help to reduce these costs. Also numerical analysis and 
computer models used for predicting ballast behavior under different loading conditions 
need to be verified by deformation and indices properties through laboratory tests. Many 
static and dynamic triaxial lab tests have been performed on different type of fouled ballast 
with different grain size distributions (Alva-Hurtado, 1980, Brown, 1974, Ebrahimi, 2010, 
Indraratna et al., 1998, Mishra et al., 2013, Qian, 2016, Qian et al., 2014, Suiker et al., 
2005b, Trinh, 2012, Tutumluer, 2015) but there are still need for evaluating the effect of 
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different breakdown fouling percentages at different moisture conditions on deformation 
properties of ballast. Accordingly, a large-scale laboratory testing program was performed 
on clean, moderately and highly fouled ballast contaminated by breakdown fouling. Each 
of these mixtures was tested under dry, field capacity and two points between the extremes, 
as intermediary water contents. The tests were also conducted under three confining pres-
sures including 5, 10 and 15 psi. Material and experimental set up, specimen’s preparation 
and results evaluating the effects of different fouling percentages, water contents and con-
fining pressures have been discussed and presented.  
Performing GPR surveys with different frequency antennas in places with different 
geologies represent that interpretation of GPR profiles can provide significant geotechno-
logical information about soils, thickness of unconsolidated deposits, depth of bedrock, 
permafrost distribution and etc. in different deposits (Jol, 2009). Also some researchers 
explored relationship between dielectric properties of base course aggregates used in sub-
grade construction and evaluating existence of a correlation between dielectric properties 
and the strength and deformation characteristics of many types of soils and aggregates. 
They performed GPR surveys, geotechnical lab tests and in-situ tests for this assessment 
(Cosenza et al., 2006, Fernandes et al., 2008, Marschall et al., 2007, Saarenketo & 
Scullion, 1996).  
These evaluations clearly establish the basis for a possible relationship between GPR 
data and deformation characteristics of railroad ballast and need for evaluating this corre-
lation for ballast at different conditions.  Therefore, the results from the triaxial properties 
of fouled ballast from this study have been compared with the electromagnetic properties 
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of the same fouled ballast with the same indices properties to evaluate any existing corre-
lation. The results have also been discussed and presented in this Chapter.  
 Material and Experimental Set up 
5.2.1 Material  
5.2.1.1 Ballast and Fouling 
In this study ballast samples were granite crushed stones obtained from a designated 
quarry in Connecticut. The different sizes of crushed stone were mixed to meet American 
Railway Engineering and Maintenance-of-Way Association (AREMA) #4 gradation 
(AREMA. Manual of Railway Engineering, 2006). Breakdown fouling was abraded stone 
dust from the same quarry that was selected because it contributes to a large percentage of 
actual fouling (Selig & Waters, 1994). The tests were conducted on clean (<5% Fouling), 
moderately fouled ballast (15% fouling) and highly fouled ballast (30% fouling) to deter-
mine the effects of fouling and moisture held by fouling on deformation properties of bal-
last. F0, F15 and F30 symbols have been used for ballast with <5%, 15% and 30 fouling, 
respectively. Percent fouling is the ratio of fine particles weight passing 3/8” sieve to the 
total weight of the fouled ballast (Selig & Waters, 1994). The particle size distribution plot 
has been presented in Figure 5.1 for all samples, where the clean sample is well meeting 
the AREMA#4 ballast and fouled samples exclude from the AREMA #4 gradation. Table 
5.1 summarizes gradation characteristics of the clean and fouled ballast including D10, D30, 
D50, D60, Cu and Cc that are the diameters of the grains at 10%, 30%, 50%, 60% sieve pass-
ing, coefficients of uniformity and curvature of tested ballast, respectively. The Grain Size 
124 
 
Distribution tests were performed in general accordance with ASTM D6913-04 (American 
Society for Testing and Materials.). 
 
Figure 5.1: Grain Size Distribution Plot 
5.2.1.2 Water Content  
In order to evaluate the effect of water content on deformation properties of ballast, 
four stages of water content were tested including dry, field capacity and two points be-
tween the extremes. Field capacity is defined as the water content level of ballast immedi-
ately after saturation which the surface of the material is saturated but the voids are not. 
This simulates a heavy rainfall condition that ballast surface is soaked in water but the 
voids are not saturated. To define the amount of water needed to be added to the ballast 
triaxial samples, reconstituted samples with the same grain size distributions were built at 
the same room temperature. The reconstituted samples were saturated and drained imme-
diately followed by water content sampling to find the field capacity water content. The ⅓ 
and ⅔ portions of distance between zero (dry) and field capacity were defined as interme-
diate water contents (w1 and w2).  To verify the actual water content of the triaxial samples 
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in accordance with the defined water contents, water contents of whole samples were meas-
ured after breaking down.  Water content sampling was conducted in general accordance 
with ASTM D2216-05 standard (American Society for Testing and Materials.).  
For intermediate water contents, water was introduced to the samples from the top and 
for field capacity conditions water was added from the bottom and drained immediately. 
The water in all moist samples was added after building the samples and applying 2 psi 
(13.8 kPa) confining pressure. To allow for water equilibrium, the intermediate water con-
tent samples sat for 16 hours prior to the start of the test regarding to ASTM D7181-11 
(American Society for Testing and Materials.). The samples with field capacity water con-
tent were loaded immediately after complete drainage.  Table 5.1 shows the average of 
defined and actual water content for clean and fouled ballast.   
Note that for clean ballast only one intermediate water content (w1) was tested. This 
was because there was not enough fouling to hold water. Also, the field capacity water 
content was less than 1% which was hard to distinguish between intermediate water con-
tents in such a small range.    
5.2.2 Specimen Preparation and Experimental Set Up 
The test specimen used for ballast triaxial test had a nominal diameter of 10 inches 
(25.4 cm) and nominal diameter of 20 inches (50.8 cm) corresponding to an aspect ratio of 
H/D = 2. In accordance with Figure 5.1, more than 98% of particles are smaller than 40 
mm (1.57 in.), therefore the sample size ratio, defined as the diameter of the triaxial spec-
imen divided by the maximum particle dimensions, is equal to 6.35. This number is more 
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than 6 which means that the sample size effects can be eliminated on the test results in 
accordance with the ASTM D7181-11 standard (3).  
The triaxial apparatus used in this study is illustrated in Figure 5.2. Specimens were 
prepared by compacting ballast in 8 layers with equal thickness using a steel rod and a hand 
tamper. Layers were compacted in a mold with densities close to the measured densities in 
the real track (Selig, 1989) by careful control on thickness and weight of material in each 
layer. This indicates that the compaction characteristics in this study are representative for 
in- situ ballast layers. In the fouled specimens the needed amount of fouling was spread 
over each layer followed by compaction. The specimen was enclosed by a double-latex 
membrane with total thickness of 1.68 mm Table 5.1 shows the average of the specimen 
densities for clean and fouled ballast. 
The circumferential displacement was measured by three string potentiometers 
mounted at ¼, ½ and ¾ of specimen height.  In order to minimize friction between the 
membrane and the potentiometer cable, the cable was surrounded by small pieces of Teflon 
tubing.  
The triaxial chamber was located in a load frame and loaded statically by using a MTS 
servo-controlled hydraulic system with a 110 kN (24 kips) capacity actuator.  Isotropically 
consolidated drained triaxial compression tests were performed (CIDC) on clean and 
fouled ballast with 5psi (34.5 kPa), 10 psi (68.9 kPa) and 15psi (103.4 kPa) confining  pres-
sures with an axial strain rate of 0.04 in/min (Aursudkij et al., 2009). 
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Figure 5.2: Components of Triaxial Load Apparatus  
Table 5.1: Grain Size Distribution (GSD) Test Results, Density Values, Targeted and Av-
erage Measured Water Contents of the Samples 
Parameters F0 F15 F30 
Average Fouling (%) 2.0 15.7 30.0 
D10(mm) 16.7 1.2 0.2 
D30(mm) 21.2 19.5 13.0 
D50(mm) 24.0 22.7 21.0 
D60(mm) 25.2 24.2 23.0 
Cu 1.5 20.2 100.0 
Cc 1.1 13.1 31.9 
Dry density (kg/m3) 1561 1958 2133 
Targeted Water Content from reconsti-
tuted sample (%) 
Dry  0.0 0.0 0.0 
w1 0.3 1.1 1.6 
w2 0.5 2.1 3.2 
Field Capacity 0.8 3.2 4.8 
Measured Water Content from Model 
Track (%) 
Dry  0.1 0.3 0.6 
w1 0.5 1.7 1.7 
w2 --- 2.4 3.0 
Field Capacity 0.8 3.2 4.5 
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 Results Presentation and Discussion 
5.3.1 Stress and Strain Behavior 
The deviator stress changes versus axial strain of CIDC triaxial tests on samples with 
different fouling percentages, water contents and confining pressures are shown in Figure 
5.3 and 5.4. The peak deviator stress (σ1-σ3)P increases with increase in confining pressure 
as expected.  
It can be seen in Figure 5.3 that by increasing the water content at constant fouling 
percentage and confining pressure, the peak deviator stress decreases. Although there is 
some scatter at intermediate water contents, which might be as the result of imperfect water 
distribution in whole sample, the total trend is clear.   
 
(a) (b)  
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(c) 
Figure 5.3: Stress-Strain Behavior During CIDC Triaxial Tests at Different Confining 
Pressures and Water Contents (a) Clean Ballast (b) Moderately Fouled Ballast (F15) (c) 
Highly Fouled Ballast (F30) 
Figure 5.4 also indicates that an increase in fouling percentage at constant confining 
pressure and water content increases the peak deviator stress. This is as the result of better 
gradation of fouled ballast in comparison with clean ballast in the same moisture and con-
fining pressure conditions. Fouling fine particles within fouled ballast matrix will help to 
gain a higher density and better packing. (Tutumluer, 2015). 
The changes of stress-strain behavior parameters in magnitude and rate versus water 
content and fouling percentage are quantitatively evaluated in the following sections.   
 
(a) (b) 
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(c) 
5.4: Stress-Strain Behavior During CIDC Triaxial Tests at Different Confining Pressures 
and Fouling Percentages (a) Dry Condition (b) Intermediate Water Content Condition (c) 
Field Capacity Water Content Condition 
5.3.2 Shear Strength 
5.3.2.1 Effect of Water Content and Confining Pressure 
Figure 5.5 and 5.6 show the effect of water content on the maximum shear strength at 
different fouling percentages and confining pressures. These figures show that by increase 
in water content the maximum shear strength decreases linearly and the rate of this decrease 
is affected by confining pressures and Fouling percentages. 
Figure 5.5 indicates that the rate of this reduction decreases from clean to fouled ballast 
although, fouling percentages do not have a significant effect on the rate of this reduction 
from moderately to highly fouled ballast. This can be as the result of capillary tension 
among wet fine particles in fouled ballast and lesser effect of water on contact area of 
ballast aggregates. Regarding to the results of this study, a 1% increase in water content, 
results in a 25%, 6% and 4% decrease in maximum shear strength of clean, moderately and 
highly fouled ballast, respectively. In a constant confining pressure, 15% increase in foul-
ing will result in about 75% decrease in the rate of shear strength reduction versus water 
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content from clean to moderately fouled ballast and it is negligible from moderately to 
highly fouled ballast.   
The reduction rate of maximum shear strength versus water content, increases with the 
increase in confining pressure (Figure 5.6).  This behavior indicates that the greater contact 
area between particles attributed to higher confining pressure, the more effect of moisture 
on decreasing shear strength of ballast. Based on this study results, increase in confining 
pressure from 5 to 10 psi can double or triple the rate of shear strength reduction versus 
water content and from 10 to 15 psi can increase this rate by approximately 45% at a con-
stant fouling condition. 
 
(a) (b) 
 
(c) 
Figure 5.5: Changes of Max Shear Strength vs. Water Content at Different Fouling Con-
ditions (a) 5 psi Confining Pressure (b) 10 psi Confining Pressure (c) 15 psi Confining 
Pressure 
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(a) (b) 
 
 
(c) 
Figure 5.6: Changes of Max Shear Strength vs. Water Content at Different Confining 
Pressures (a) Clean Ballast (F0) (b) Moderately Fouled Ballast (F15) (c) Highly Fouled 
Ballast (F30) 
5.3.2.2 Effect of Fouling Percentages and Confining Pressure  
Figure 5.7 is a three-dimensional view showing the effect of confining pressure and 
fouling on the maximum shear strength of ballast. This figure generally shows that regard-
less to the amount of moisture, by increase in fouling and confining pressure the maximum 
shear strength of ballast increases.   
In order to evaluate this behavior more precisely, the effect of individual variables of 
Figure 5.7 have been assessed in two dimensional views in Figures 5.8 and 5.9.    
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Figure 5.7: Effect of Fouling and Confining Pressure on the Maximum Shear Strength of 
Clean and Fouled Ballast 
Interestingly, the increase in breakdown fouling does not result in strength loss in con-
stant water content and water held by fouling is the main reason for ballast degradation that 
was discussed in the previous section (Figure 5.8). Increase in shear strength of ballast with 
an increase in breakdown fouling is the result of a better gradation, higher density and 
compaction that helps ballast matrix to achieve higher shear strength (Charles & Watts, 
1980, Indraratna et al., 1998, Tutumluer, 2015).  
Figure 5.8 also indicates that shear strength increase as the result of fouling increase 
is a non-linear behavior and increase in confining pressure increases the maximum shear 
strength as expected (Indraratna et al., 1998, Suiker et al., 2005a).  
Figure 5.9 is another view of Figure 5.7 that highlights the effect of water content. 
This figure also shows a non-linear behavior of increase in maximum shear strength as the 
result of increase in breakdown fouling percentage. The confining pressure and fouling do 
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not have a significant effect on the rate of shear strength changes versus breakdown fouling 
(Figures 5.8 and 5.9). 
In average 15% increase in fouling percentage will result in 10% increase in max shear 
strength from clean to moderately fouled ballast while this value is 40 % from moderately 
to highly fouled ballast in a constant confining pressure.   
 
(a) (b) 
 
(c) (d) 
Figure 5.8: Effect of Fouling on the Maximum Shear Strength of Ballast at Different 
Confining Pressures and Constant Water Content (a) Dry (b) w1 (c) w2 (d) Field Capac-
ity. Note: w2 has two studied points in moderately and highly fouled ballast 
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(a) (b) 
 
c) 
Figure 5.9: Effect of Fouling on the Maximum Shear Strength of Ballast at Constant Con-
fining Pressure and Different Water Contents (a) 5 psi Confining Pressure (b) 10 psi Con-
fining Pressure (c) 15 psi Confining Pressure.  Note: w2 has two studied points in moder-
ately and highly fouled ballast 
5.3.3 Friction Angle 
In the field of granular mechanics, the deviatoric stress invariant, q, and the hydrostatic 
stress invariant, p,  parameters are more appropriate for describing frictional failure of 
granular materials under three dimensional stress conditions, stress path analyses have been 
used in this study instead of principal stresses (Suiker et al., 2005, Sulem, 2004). The effect 
of water content and fouling percentage on friction angles of fouled ballast are discussed 
in following sections.  
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5.3.3.1 Effect of Water Content  
In order to study the effect of water content on the frictional failure of ballast, the stress 
paths for clean ballast at different water contents are presented in Figure 5.10. Clearly, the 
friction angle decreases with the increase in water content. This is as the result of better 
ballast interlocking at dry conditions than moist conditions. Figure 5.11 shows friction an-
gle changes versus water content in all samples of this study.  In clean ballast reduction of 
friction angle by increase in water content is clear from dry to field capacity water contents. 
In fouled ballast, the friction angle is decreasing from dry to field capacity conditions by a 
small amount. Scatters in friction angle in fouled ballast can be as the result of an error 
because of strengthening by capillary tension at intermediary moistures. The reduction rate 
of friction angle versus water content decreases from clean to fouled ballast although, this 
rate is not changing significantly in fouled ballast with different fouling percentages. Ap-
proximately 1% increase in water content results in 12% reduction of friction angle in clean 
ballast and less than 2% in fouled ballast from dry to field capacity water contents. 
  
Figure 5.10: Stress Paths for Clean Ballast at Different Water Content Conditions 
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Figure 5.11: Changes of Friction Angle vs. Water Content at Different Fouling Condi-
tions 
5.3.3.2 Effect of Fouling  
Figure 5.12 indicates the effect of breakdown fouling on friction angle and stress con-
ditions at failure and at constant water content conditions. This figure clearly shows that 
increase in breakdown fouling results in an increase in friction angle and shear strength of 
ballast. Although fouling is one of the main reasons for degradation of ballast, in constant 
water content the friction angle increases by increase in breakdown fouling percentages 
non-linearly (Figure 5.13). In accordance with the effect of water content on strength prop-
erties of ballast, discussed in previous sections, it becomes more clear that the main decay 
of fouled ballast is moisture that fouling increases its effect by holding it in ballast layer. 
Water content does not have a defined effect on the rate of friction angle changes versus 
fouling percentages regarding to this study results.  Approximately, 15% increase in foul-
ing from clean to moderately fouled ballast increases the friction angle by 5% and from 
moderately fouled ballast to highly fouled ballast by 15% in constant moisture conditions. 
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Figure 5.12: Stress Paths for Different Fouling Conditions at Field Capacity Water Con-
tents 
 
Figure 5.13: Changes of Friction Angle vs. Fouling Percentages at Different Water Con-
tents 
5.3.4 Elastic Modulus 
In order to look at the effect of breakdown fouling and water content on secant modu-
lus of clean and fouled ballast, the secant modulus of elasticity at 50% of drained shear 
strength (E50) was evaluated. The effect of water content, confining pressure and fouling 
percentage on E50 of fouled ballast are discussed in following sections.  
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5.3.4.1  Effect of Fouling and Confining Pressure 
Indraratna et al. (1998), conducted CIDC triaxial tests on coarse and fine particles. 
They reported that coarser particles result in a considerably higher axial strain upon load-
ing, attributed to larger void ratios and resulting in smaller deformation modulus 
(Indraratna et al., 1998). They also reported that an increase in confining pressure results 
in the initial elastic modulus increasing and after 180 kPa (26.1 psi) confining pressure the 
changes in elastic modulus is insignificant. 
A three-dimensional view plot of the effect of confining pressure and fouling on E50 
is shown in Figure 5.14. Regardless to moisture condition of ballast, by increase in break-
down fouling, elastic modulus increases. This figure does not show a defined effect of 
confining pressure on the elastic modulus. Figure 5.15 shows a two-dimensional view of 
Figure 5.14 at constant water content.  This figure indicates that the effect of confining 
pressure on the elastic modulus in the range used in this study is not significant although 
the effect of breakdown fouling is significant and clear.  
With the assumption of a linear relationship between E50 modulus and fouling per-
centage, with a 15% increase in breakdown fouling percentage, the modulus increases by 
30% regardless of the confining pressure and water content conditions. 
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Figure 5.14: Effect of Fouling and Confining Pressure on the Elastic Modulus of Clean 
and Fouled Ballast 
 
(a) (b) 
 
(c)  (d) 
Figure 5.15: Effect of Fouling on E50 Modulus of Ballast at Different Confining Pres-
sures and Constant Water Content (a) Dry (b) w1 (c) w2 (d) Field Capacity. Note: w2 has 
two studied points in moderately and highly fouled ballast 
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5.3.4.2 Effect of Water Content  
In the last section it was shown that the effect of confining pressure on E50 modulus 
is not significant, therefore the effect of water content has been shown at constant confining 
pressure in Figure 5.16. Elastic modulus decreases linearly with the increase in water con-
tent (Figure 5.16). This is as the result of greater strain upon loading in moist ballast in 
comparison with dry ballast.  The rate of this reduction is higher in clean ballast in com-
parison with fouled ballast while it is hard to distinguish between the degradation rate of 
moderately fouled ballast (F15) from highly fouled ballast (F30). This can be as the result of 
capillary tension among wet fine particles in fouled ballast and a lesser effect of water on 
contact area of ballast aggregates.  
Regarding to the results of this study, with a 1% increase in water content, E50 de-
creases 60%, 12% and 8% in clean, moderately and highly fouled ballast, respectively. In 
a constant confining pressure, 15% increase in fouling will result in approximately an 80% 
decrease in the rate of E50 reduction versus water content from clean to moderately fouled 
ballast and a 25% decrease in that rate for moderately to highly fouled ballast.   
 
(a)   (b) 
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(c) 
Figure 5.16: Changes of E50 Modulus vs. Water Content at Different Fouling Conditions 
(a) 5 psi Confining Pressure (b) 10 psi Confining Pressure (c) 15 psi Confining Pressure 
5.3.5 Dilatancy 
Previous studies have shown that the rate of volume change at failure decreases with 
an increase in cell pressure (Billam, 1971). Figure 5.17 shows a typical plot of volume 
strain changes versus axial strain for the clean ballast of this study at different water content 
and confining pressures. This figure clearly shows that regardless of the moisture and foul-
ing conditions, an increase in confining pressure the rate of volume strain versus axial strain 
decreases as expected. In order to study the effect of breakdown fouling and water content 
quantitatively on the rate of dilation, on volume strain versus axial strain plots (Figure 5.17) 
slope of the line starting from the peak volume strain and ending at axial strain correspond-
ing to failure has been evaluated.   
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Figure 5.17: Changes of Volume Strain versus Axial Strain for Clean Ballast 
5.3.5.1 Effect of Water Content  
Charles and Watts (1980), reported that the larger dilation rate of granular materials 
are associated with the maximum principal stress ratios (Charles & Watts, 1980). Also 
Indraratna et al. (1998) used a hyperbolic fit to describe the relationship between the ballast 
dilatancy factor defined as ܦ௣ ൌ 1 െ ሺ݀ߝ௩ ݀ߝ௔ൗ ሻ (Rowe, 1962) and the maximum principal stress 
ratio (Indraratna et al., 1998). Although the dilatancy rate used in this study, is increasing 
non-linearly with an increase in maximum principal stress ratio, it is difficult to distinguish 
between different water contents from this view (Figure 5.18).   
Figure 5.19 clearly shows the effect of the confining pressure increase on the volume 
strain rate reduction, which agrees with literature (Billam, 1971), and presents a better view 
of the effect of water content on the volume strain rate at constant fouling conditions. In 
clean ballast by increase in water content the dilatancy volumetric strain rate decreases 
clearly and the effect of confining pressure on the volumetric strain rate becomes stronger 
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in samples with higher water contents (Figures 5.17 and 5.19a). Water decreases the inter-
locking friction of ballast thereby affecting the dilatancy strain rate. In fouled ballast, the 
increase in water content from dry to field capacity conditions decreases the dilatancy vol-
umetric strain rate with some scatter in intermediate water content conditions (Figures 
5.19b and 5.19c). There is no evidence of a defined effect of water content on the volume 
strain rate-confining pressure relationship based on the results of this study (Figure 5.19).  
 
Figure 5.18: Maximum Principal Stress Ratio versus Dilatancy Volumetric Strain Rate at 
Different Water Contents  
 
(a) 
 (b) 
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(c) 
Figure 5.19: The Dilatancy Volumetric Strain Rate versus Confining Pressure at Different 
Water Contents and Constant Fouling Conditions (a) Clean Ballast (b) Moderately 
Fouled Ballast (F15) (c) Highly Fouled Ballast (F30) 
5.3.5.2 Effect of Fouling   
Figure 5.20 presents the change of maximum principal stress ratio versus dilatancy 
volumetric strain rate (%) for different fouling condition regardless to water content con-
ditions. Unlike water content (Figure 5.18), fouling is significantly affecting the strength-
dilatancy relationship. The best hyperbolic fit in Figure 5.20, presents a higher dilatancy 
volumetric strain rate associated with higher maximum principal stress ratio as the result 
of higher fouling conditions. Note that this relationship is independent of water content 
conditions. In comparison with Figure 5.18 it can be concluded that the effect of fouling is 
more significant on the strength-dilatancy relationship than water content in ballast. 
Regarding to Figure 5.21, dilatancy volumetric strain rate increases by increase in 
breakdown fouling percentages. This is as the result of smaller void ratio of fouled ballast 
in comparison with clean ballast that leads the sample to higher rate of dilation after the 
initial compression. There is not a defined effect of breakdown fouling percentage on the 
volume strain rate -confining pressure relationship based on the results of this study (Figure 
5.21).   
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Figure 5.20: Maximum Principal Stress Ratio versus Dilatancy Volumetric Strain Rate at 
Different Fouling Conditions 
 
5.3.6 Breakage Degree  
There have been different methods used for quantifying ballast particles breakage de-
gree using percent passing a single sieve size or changes in grain size distribution 
(Indraratna et al., 1998, Indraratna et al., 2005, Miura, 1979).  In this study in order to 
evaluate the effect of water content, fouling percentage and confining pressure on breakage 
degree of ballast particles, both grain size distribution and passing a single sieve size meth-
ods are used.  
It is obvious that the greater the breakage, the more shift of grain size distribution 
curve toward smaller particle sizes. Figure 5.22 shows the effect of confining pressure on 
the shift of grain size distribution for clean and fouled ballast. Qualitatively, this figure 
shows that under a constant fouling condition, an increase in confining pressure will in-
crease the shift in the grain size distribution curve toward smaller particle sizes, as expected 
(Indraratna et al., 2005, Salim & Indraratna, 2004). These plots also indicate that by in-
crease in breakdown fouling percentages the grain size distribution shift increases. This is 
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as the result of higher density and more particle-to-particle contact area in ballast with 
higher fouling percentages that results in more particle split and corner degradation.  
  
(a)   (b) 
 
(c)   (d) 
Figure 5.21: The Dilatancy Volumetric Strain Rate versus Confining Pressure at Different 
Fouling Conditions and Constant Water Content (a) Dry (b) w1(c) w2 (d) Field Capacity. 
Note: w2 has two studied points in moderately and highly fouled ballast 
It can also be seen that most of the breakage in grain size distribution in this study is 
taking place at grain size range between 1 to 20 millimeters (Figures 22b and 22c). This is 
outside of the scope of this research but might have agreement with the concept of studies 
correlating breakage to shape and sizes of particles (McDowell et al., 1996). 
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The grain size distribution plots of moderately fouled ballast and highly fouled ballast 
also show that confining pressure changes between 5psi (34.5 kPa) to 10psi (68.9 kPa) has 
more effect on breakage degree than 10psi (68.9 kPa) to 15psi (103.4 kPa) in this study.  
The ranges of confining pressure showing increase in breakage degree in this study 
also is in agreement with the confining pressure ranges for Optimum Degradation Zone 
(ODZ) and Compressive, Stable Degradation Zone (CSDZ) defined by Indraratna et al. 
(2005) (Indraratna et al., 2005). 
 
(a) (b) 
 
(c) 
Figure 5.22: Effect of Confining Pressure on the Particle Degradation Curve at Different 
Fouling Conditions (a) Clean Ballast (b) Moderately Fouled Ballast (F15) (c) Highly 
Fouled Ballast (F30) 
In order to study the effect of water content on the rate of particle breakage, percent 
passing 3/8” sieve versus confining pressure at different water contents and constant foul-
ing conditions was plotted (Figure 5.23). The 3/8 inch sieve size was selected because of 
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separating fouling from ballast based on the fouling percentage definition (Selig & Waters, 
1994).  
Figure 5.23 indicates that by increase in water content the rate of breakage versus con-
fining pressure decreases. This is as the result of reduction in particle-to-particle contact 
stress and frictional interlock by increase in water content. Note that Figure 5.23 only has 
plots for fouled ballast samples. That is because clean ballast samples cannot hold enough 
water on the particles surface to affect the particle-to-particle contact area. By 1% increase 
in water content the rate of breakage versus confining pressure decreases in an average of 
25-30% in moderately and highly fouled ballast. 
 
(a) (b) 
Figure 5.23: Percent Passing 3/8” Sieve versus Confining Pressure at Different Water 
Contents and Constant Fouling Conditions (a) Moderately Fouled Ballast (F15) (b) Highly 
Fouled Ballast (F30) 
5.3.7 Results Verification with Literature 
At low confining pressure, high principal stress ratios have been observed in granular 
materials. This behavior has been attributed to greater frictional interlock of particles at 
lower confining pressure (Charles & Watts, 1980, Indraratna et al., 1998, Marachi et al., 
1900, Marsal, 1967).  
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Indraratna et al. (1998) presented the following non-linear equation for the relationship 
between principal stress ratio and confining pressure: 
ܴ௣ ൌ ܽሺߪଷሻ௕                                                                                                      Eq. (5.1) 
where Rp is the maximum principal stress ratio, a is the maximum principal ratio at σ3 = 1, 
and b is a constant ratio related to degree of particle degradation.  
The changes of maximum principal stress ratio versus confining pressure of this study 
have been compared with the results from the other researches on granular materials for 
verification (Figure 5.24). The trend of the stress ratio changes versus confining pressure 
is in good agreement with the literature and shows a high R squared fitting Eq. (5.1) re-
gardless to the moisture conditions.  
Figure 5.24 also indicates that by increase in breakdown fouling, regardless to water 
content from dry to field capacity condition, the maximum principal stress ratio increases. 
This is as the result of better packing of particles and was discussed in the Shear Strength 
section.     
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Figure 5.24: Effect of Confining Pressure on the Maximum Principal Stress Ratio for 
Various Granular Materials and this Study (Indraratna et al., 1998). Note: The upper band 
is representing values obtained from tests on Basalt   
The changes of peak friction angle versus confining pressure for this study and other 
studies have been presented in Figure 5.25.  This plot clearly shows that by increase in 
confining pressure, the peak friction angle decreases. The results from this study is in good 
agreement in trend and magnitude with other studies.  
Fouling percentage doesn’t have a significant effect on  the reduction  rate of friction 
angle by increase in confining pressure. The higher values of friction angle at lower 
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confining pressure is because of interparticle contact stresses which are much below the 
crushing strenght of granular materials (Indraratna et al., 1998).  
 
Figure 5.25: Effect of Confining Pressure on the Peak Friction Angle for Various Granu-
lar Materials and this Study (Indraratna et al., 1998) 
 Ground Penetrating Radar and Deformation Properties 
In order to study any existing correlation between deformation properties and electro-
magnetic properties of fouled ballast, the results from this study were compared with 
ground penetrating radar (GPR) analysis on fouled ballast with the same grain size distri-
bution and indices properties conducted by Kashani et al. (Kashani et al., 2016) explained 
in Chapter 3. Kashani et al. (2016) assessed the effect of water content and fouling on time 
and frequency domain analysis of GPR data by the help of full scale laboratory models. 
GPR data were collected by using a ground coupled antenna with 450 MHz and 2 GHz 
frequency antennas. Three models with different breakdown fouling percentages were con-
structed. Each model was surveyed by GPR at different water contents. The models had all 
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railroad track components such as sub-ballast, ballast, timber ties and rail to simulate a real 
track situation. 
 The index properties of ballast from this study and Kashani et al. (Kashani et al., 
2016) study, presented in Chapter 3, are shown in Table 5.2. As it can be seen in Table 5.2 
the index properties from these two studies are in a good agreement. This validates the 
comparison of electromagnetic and deformation properties of the fouled ballast from these 
two studies. Note that the changes in density in both studies is mostly related to the fouling 
percentage by keeping the clean ballast in all mixtures constant and adding different per-
centages of fouling. And also, using any correlation presented in this section for engineer-
ing purposes is limited to granite ballast with breakdown fouling and compactness in the 
same range of density in this study. 
Table 5.2: Comparison between the Indices Geotechnical Properties of this Study and 
Kashani et al. (2016) 
Parameters 
   This Study Kashani et al. (2016)  
  F0 F15 F30 Model 1  Model 2 Model 3 
Average Fouling (%) 2.0 15.7 30.0 1.3 14.9 27.1 
Dry density (kg/m3) 1561 1958 2133 1555 1921 2117 
Measured Water Content 
from Model Track (%) 
Dry  0.1 0.3 0.6 0.1 0.3 0.6 
w1 0.5 1.7 1.7 0.5 1.6 3.5 
w2 --- 2.4 3.0 0.5 2.1 4.0 
Field Capac-
ity 0.8 3.2 4.5 0.6 3.4 4.6 
5.4.1 GPR Wave Propagation and Deformation Properties of Ballast 
For this section the GPR data collected with 450 MHz antenna by Kashani et al. (2016) 
have been used and compared with the results from this study. 
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5.4.1.1 Dielectric Permittivity and E50 Modulus 
Figure 5.26 shows the dielectric permittivity and E50 modulus changes versus water 
content from Kashani et al. (2016) study, presented in Chapter 3, and this study. As ex-
pected, the increase in water content results in an increase in dielectric permittivity 
(Kashani et al., 2016) and a decrease in E50 modulus (Section 5.3.4). Plots in Figure 26 
show the ranges of water content in both studies and the opposite correlation of dielectric 
permittivity and E50 with water content.  
Figure 5.27 shows the correlation between the dependent variables of plots in Figure 
5.26. This figure shows that there is a linear correlation between E50 modulus as a defor-
mation property and dielectric permittivity as an electromagnetic property of fouled ballast. 
In clean ballast because of low water content (<1%) the dielectric permittivity does not 
change significantly, therefor there is not a defined correlation between E50 and permittiv-
ity. By increase in amount of fouling and water held by fouling a linear correlation can be 
seen between E50 and dielectric permittivity. By increase in dielectric permittivity, E50 
modulus decreases and the rate of this reduction increases by increase in amount of fouling. 
This plot can be used to predict the approximate amount of ballast modulus from known 
dielectric permittivity, which can be measured by GPR trace travel time, and known foul-
ing percentages, which can be well predicted by GPR data analysis.  
Regarding to the results of this study, in breakdown fouled ballast at moist conditions 
(not dry or saturated) 1 unit increase in the amount of dielectric permittivity results in 9 to 
12% decrease in E50 modulus.    
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(a) (b) 
 
 
(c) 
Figure 5.26: Changes of Dielectric Permittivity and E50 Modulus versus Water Content 
Changes at different Fouling Conditions and Confining Pressures (a) 5 psi Confining 
Pressure (b) 10 psi Confining Pressure (c) 15 psi Confining Pressure Note: Larger Mark-
ers Show E50 and Smaller Markers Show Dielectric Permittivity 
 
Figure 5.27: Changes of E50 Modulus versus Dielectric Permittivity at Different Fouling 
Conditions 
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5.4.1.2 Wave Propagation Velocity and E50 Modulus 
Regarding to the Maxwell’s equation, dielectric permittivity is oppositely related to 
propagation velocity of an electromagnetic wave with a constant factor of the speed of 
light. Therefore, the relationship between E50 modulus and propagation velocity is ex-
pected to be the opposite of E50 and dielectric permittivity.  
Figure 5.28 is showing the changes of electromagnetic signal propagation velocity and 
E50 modulus versus water content changes from this study and Chapter 3 (Kashani et al., 
2016).  
 
(a) (b) 
 
(c) 
Figure 5.28: Changes of Propagation Velocity and E50 Modulus versus Water Content 
Changes at different Fouling Conditions and Confining Pressures (a) 5 psi Confining 
Pressure (b) 10 psi Confining Pressure (c) 15 psi Confining Pressure Note: Larger Mark-
ers Show E50 and Smaller Markers Show Propagation Velocity 
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Figure 5.29 shows the correlations of the dependent variables of plots in Figure 5.28. 
This figure shows a linear relationship between E50 modulus as a deformation property 
and electromagnetic wave propagation velocity as an electromagnetic property of fouled 
ballast. Note that there is not a defined correlation at clean ballast condition. That is because 
of less water held by clean ballast (<1%) and insignificant changes of wave propagation 
velocity by increase in fouling at dry conditions. As it was also discussed in the previous 
section, this plot might be used for predicting the E50 modulus of fouled ballast by meas-
uring the ballast dielectric permittivity (or propagation velocity) and fouling percentage. 
These parameters can easily be measured by GPR as a non-destructive testing tool.    
 
Figure 5.29: Changes of E50 Modulus versus Propagation Velocity at Different Fouling 
Conditions 
5.4.2 GPR Frequency Spectrum Analysis and Deformation Properties of Ballast 
5.4.2.1 Fast Fourier Transform and E50 Modulus at Dry Conditions  
Studies conducted by Clark et al. (2004), Silvast et al. (2006), Al-Qadi et al. (2010) 
and Kashani et al. (2016) provided valuable information evaluating the effect of fouling 
and water content on frequency spectrum analysis (Al-Qadi et al., 2010, Clark et al., 2004, 
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Kashani et al., 2016, Silvast et al., 2006). In accordance with the frequency analysis on 
GPR traces using 2 GHz antenna by Kashani et al. (2016) on the same samples of this 
study, and the triaxial test results of this study some correlations has been evaluated and 
discussed as following.  
Increase in amount of fouling at dry conditions (or increase in density) doesn’t have a 
significant effect on time domain analysis (Kashani et al., 2016).  Figure 5.30a shows how 
increase in dry density, as the result of more fouling, will increase the modulus of ballast 
(Section 5.3.4) and will decrease the normalized area under Fast Fourier Transform (FFT) 
plot from GPR analysis. The correlation between average E50 modulus from this study and 
average normalized area under FFT plot from GPR data analysis is presented in Figure 
5.30b.  This figure shows that by increase in modulus at dry condition, the normalized area 
under FFT plot decreases. This is as the result of more energy of GPR signal absorbed by 
an increase in the amount of fouling filling the voids that significantly affects the area under 
FFT plot from clean to fouled ballast. 
 This behavior is not linear. The reduction amount of normalized area under FFT plot 
from clean to moderately fouled ballast (F15) is much higher than moderately fouled ballast 
(F15) to highly fouled ballast (F30). It seems that replacing air voids with fouling material 
from clean to F15 has a much more significant effect on the signal energy absorption than 
adding more fouling to voids from F15 to F30.  
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(a)  (b) 
Figure 5.30: (a) Effect of Density on Normalized Area under FFT Plot from GPR Analy-
sis and E50 Modulus from Triaxial Tests at Dry Conditions (b) The Correlation between 
E50 Modulus from Triaxial Tests and Normalized Area under FFT Plot from GPR at Dry 
Condition 
5.4.2.2 Fast Fourier Transform and E50 Modulus at Constant Fouling Conditions  
An increase in amount of water content might change the correlation trend between 
E50 modulus and area under FFT plot (Figures 5.30b and 5.32). This is because both water 
and fouling decrease the energy of the GPR signal by filling air voids volumetrically but, 
fouling and water content affect ballast strength properties oppositely.  
Although by comparing the small markers in Figure 5.31 with Figures 5.26 and 5.28 
indicates that the effect of water content on GPR signal time domain analysis is signifi-
cantly more evident than frequency domain analysis (Kashani et al., 2016), using frequency 
spectrum analysis for evaluating deformation properties of ballast is strongly related to 
water content conditions.  
Figure 5.31 shows the effect of water content on both the area under FFT plot from 
GPR tests and the E50 modulus from triaxial tests at different confining pressure condi-
tions. Figure 5.32 shows an increase in normalized area under FFT plot versus increase in 
E50 modulus at different water content conditions and constant fouling conditions. The 
160 
 
rate of E50 modulus changes versus area under FFT plot increases by increase in Fouling 
percentage. 
Note that careful control needed in using these correlations because of significant ef-
fect of both fouling and moisture on electromagnetic and deformation properties of ballast. 
One of these index properties (moisture or density) should be kept constant to evaluate the 
correlation between E50 and area under FFT plot.   
  
(a)  (b) 
(c)  
 
Figure 5.31: Changes of Normalized Area under FFT Plot and E50 Modulus versus Wa-
ter Content Changes at different Fouling Conditions and Confining Pressures (a) 5 psi 
Confining Pressure (b) 10 psi Confining Pressure (c) 15 psi Confining Pressure Note: 
Larger Markers Show E50 and Smaller Markers Show Area under FFT Plot 
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Figure 5.32: The Correlation between E50 Modulus from Triaxial Tests and Normalized 
Area under FFT Plot from GPR at Constant Fouling Conditions 
5.4.3 GPR Time Domain Analysis and Deformation Properties of Ballast 
5.4.3.1 The GPR trace and E50 Modulus at Constant Dry Conditions 
Ballast under different fouling and water content conditions generates different elec-
tromagnetic scattering patterns (Al-Qadi et al., 2008, Kashani et al., 2016). Using the time 
domain analysis of GPR traces using 2 GHz antenna by Kashani et al. (2016)(Kashani et 
al., 2016) on the same samples of this study, and the triaxial test results some correlations 
has been evaluated and discussed as following. 
Figure 5.33a shows that an increase in dry density (increase in fouling percentage), 
decreases the area under squared amplitude of GPR traces and increases the E50 modulus 
from triaxial tests (Section 5.3.4). This is expected because less air voids in ballast results 
in less scatter in GPR traces, and better grain size distribution results in higher modulus in 
traixial test results. Figure 5.33b indicates that there is a correlation between dependent 
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variables of Figure 5.33a. An increase in E50 modulus results in scatter reduction of GPR 
traces under constant water content conditions.  
Regarding to the results of this study, a 50% increase in the amount of area under 
squared amplitude of GPR traces results in a 15% decrease in E50 modulus of ballast at 
dry conditions (Water content <1%). This is valid when the changes in area under squared 
amplitude of GPR traces is only attributed to an increase in breakdown fouling at dry con-
ditions. 
 
(a) (b) 
Figure 5.33: (a) Effect of Density on the Area under Squared Amplitude of GPR traces 
and E50 Modulus from Triaxial Tests at Dry Conditions (b) The Correlation between E50 
Modulus from Triaxial Tests and Area under Squared Amplitude of GPR traces at Dry 
Conditions 
5.4.3.2 The GPR trace and E50 Modulus at Constant Fouling Conditions 
Figures 5.34 and 5.35 show that the trend presented in Figure 5.33b is only valuable 
for constant water content conditions. Because an increase in the amount of water content 
will still keep reducing the area under squared amplitude of GPR traces while the modulus 
of fouled ballast tends to decrease with the increase in moisture. Figure 5.35 can be used 
to evaluate the correlation between GPR traces and ballast modulus at constant fouling 
conditions and different moisture conditions.  
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As mentioned in the last section, careful control is needed in using these correlations 
because of significant effect of both fouling and moisture on electromagnetic and defor-
mation properties of ballast. One of these index properties (moisture or density) should be 
kept constant to evaluate the correlation between E50 and area under squared amplitude of 
GPR traces.   
Regarding to the results of this study, a 50% increase in the amount of area under 
squared amplitude of GPR traces results in a 30-60% increase in E50 modulus of ballast 
under wet conditions (not dry or saturated). This is valid for the condition that changes in 
the area under squared amplitude of GPR traces is only attributed to an increase in water 
content at constant fouling conditions. 
 
(a) (b) 
 
(c) 
Figure 5.34: Changes of Area under Squared Amplitude of GPR traces and E50 Modulus 
versus Water Content Changes at different Fouling Conditions and Confining Pressures 
(a) 5 psi Confining Pressure (b) 10 psi Confining Pressure (c) 15 psi Confining Pressure 
Note: Larger Markers Show E50 and Smaller Markers Show the Area under Squared 
Amplitude of GPR traces              
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Figure 5.35: The Correlation between E50 Modulus from Triaxial Tests and Area under 
Squared Amplitude of GPR traces at Constant Fouling Conditions 
5.4.4 Max Shear Strength of Ballast and GPR analyses 
In order to be able to predict the approximate maximum shear strength of clean and 
fouled ballast from GPR data analysis and this study, the relationship between E50 modu-
lus and maximum shear strength of all tested samples is presented in Figure 5.36. The 
dashed line shows the average trend; the solid lines show the prediction intervals of 95% 
of the data.  
 
Figure 5.36: Relationship between E50 Modulus and Max Shear Strength of Clean and 
Fouled Ballast by Traiaxial Tests at all Moistures 
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 Conclusion 
Large scale static drained triaxial tests were performed on clean and breakdown fouled 
ballast at different water content conditions to evaluate the effect of these two parameters 
on deformation properties of ballast. Based on the triaxial test results, the effects of water 
content, fouling percentage and confining pressure on ballast deformation properties were 
discussed and evaluated qualitatively and quantitatively.  
Also, analyses on Ground Penetrating Radar (GPR) data acquired from surveys on 
full-scale laboratory models with the geotechnical indices properties same as this study 
were used to evaluate any existing correlation between electromagnetic and deformation 
properties of ballast. This assessment was also discussed in this study and some correla-
tions have been suggested for estimating ballast’s elastic modulus and maximum shear 
strength by GPR data analysis. In regards to this study the following conclusions can be 
drawn: 
 By increasing water content the maximum shear strength of ballast decreases line-
arly and the rate of this decrease is affected by confining pressures and Fouling 
percentages.  
 Interestingly, increase in breakdown fouling is not resulting in strength loss in con-
stant water content and water held by fouling is the main reason for ballast degra-
dation. 
 Regardless to confining pressure and water content conditions, approximately a 
15% increase in breakdown fouling percentage might result in 30% increase in elas-
tic modulus of ballast. 
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 By increasing breakdown fouling friction degree increases non-linearly and water 
content does not have a significant effect on the rate of this behavior. 
 By increasing water content friction angle decreases and the rate of this reduction 
decreases by increase in breakdown fouling. 
 Elastic modulus decreases linearly by increase in water content and the rate of this 
reduction is higher in clean ballast in comparison with fouled ballast. 
 The effect of fouling on the relationship between ballast strength and volumetric 
strain rate during dilation is more significant than water content. 
 An increase in confining pressure results in an increase in ballast breakage. The 
more the water content the less the rate of breakage versus confining pressure. 
 There is a linear correlation between E50 modulus (and maximum shear strength) 
and dielectric permittivity (and wave propagation velocity) of fouled ballast at wet 
conditions.   
 With an increase in dielectric permittivity, E50 modulus (and maximum shear 
strength) decreases and the rate of this reduction is higher in highly fouled ballast 
than moderately fouled ballast.  
 With an increase in wave propagation velocity, E50 modulus (and maximum shear 
strength) increases and the rate of this change is higher in highly fouled ballast than 
moderately fouled ballast.  
 There are correlations between E50 modulus (and maximum shear strength) of 
fouled ballast and time domain and frequency spectrum analyses of GPR data. 
However, using these correlations needs awareness of indices properties of ballast. 
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CHAPTER 6 
6. CONCLUSIONS AND FUTURE WORK 
 Conclusions 
This research was conducted to investigate the effects of water content and breakdown 
fouling percentage on the electromagnetic and static and dynamic mechanical properties 
of ballast. The study also involved evaluating any existing correlation between electromag-
netic and deformation properties of ballast that can be used to predict the mechanical be-
havior of ballast by Ground Penetrating Radar (GPR). The principal results from this re-
search work are as follows: 
1.  An increase in breakdown fouling will increase the field capacity water con-
tent. This behavior is a linear behavior. Based on experiments in this study a 
plot (Figure 3.4) has been presented for estimating field capacity water content 
based on fouling percentages.  
2. Comparing the attenuated GPR signal energy in dry samples shows that the 
effect of density on the frequency spectrum analysis is significantly more evi-
dent than in time domain analysis of GPR data. 
3. Moisture and density affect the magnitude of the frequency spectrum amplitude 
of GPR data analysis. A few percentage points increase in water content has 
more effect on peak magnitude than about 36% change in density in dry condi-
tion. 
4. Standard deviation of GPR wave amplitude and area trapped by scattered wave-
lets are both showing a promising trend by changes in density and moisture. 
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These parameters can be used for water and fouling quantification in GPR time 
domain analyses.  
5. For ballast with the same material properties used in this study, Selig et al.’s 
equation for predicting the ballast settlement (Eq. (4.3)) is valid for clean and 
fouled ballast from dry to field capacity conditions. In addition, the results show 
that Selig et al.’s equation is not appropriate for saturated conditions.  
6. Highly fouled ballast at heavy rainfall and high traffic conditions has the risk 
of significant settlement. In highly fouled ballast, the rate of settlement (in./cy-
cles) at saturated conditions can increase up to 50 times of field capacity con-
ditions.  
7. In moderately and highly fouled ballast at moisture contents ranging from dry 
to field capacity, the effect of compaction from traffic is more significant than 
degradation by moisture increase on the ballast strength. However, at saturated 
conditions, the effect of moisture overcomes the effect of traffic compaction 
and this is because of insufficient hydraulic conductivity to allow the dissipa-
tion of excess pore water pressure.  
8. In moderately and highly fouled ballast, about a 3% increase in the amount of 
water content can triple the elastic deformation by traffic accumulation. 
9. Interestingly, increase in breakdown fouling is not resulting in strength loss in 
constant water content and water held by fouling is the main reason for ballast 
degradation. 
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10. There is a linear correlation between E50 modulus (and maximum shear 
strength) and dielectric permittivity (and wave propagation velocity) of fouled 
ballast at wet conditions.   
11. By an increase in dielectric permittivity or decrease in GPR wave propagation 
velocity, E50 modulus (and maximum shear strength) decreases and the rate of 
this reduction is higher in highly fouled ballast than moderately fouled ballast.  
12. There are correlations between E50 modulus (and maximum shear strength) of 
fouled ballast and time domain and frequency spectrum analyses of GPR data. 
However, using these correlations needs awareness of indices properties of bal-
last. 
 Anticipated Contribution to the Railroad Geotechnical Community 
The results of this study can be used in the railroad geotechnics in the aspects of the 
following: 
 Performance of both GPR survey and geotechnical tests on the same clean, medium 
fouled and highly fouled ballast can help developing correlations between mechan-
ical and electrical properties of ballast  
  Collection of data and development of a complete static and dynamic geotechnical 
testing program on ballast samples with different breakdown fouling percentages 
and water contents can be used to improve the understanding of ballasted railroad 
track risk factors  
 Determination of deformation and strength characteristics of fouled track ballast 
will result in better assessment of the train risk when fouling is observed  
170 
 
 Collection of GPR and geotechnical data in different fouling percentages can help 
developing standards for detecting the railroad high risk areas by GPR survey 
 Data collection by static and dynamic tests in different water contents will simulate 
loading from heavy rainfall condition to dry condition  
 Investigation of the effect of cycles of load on the track settlement rate in different 
fouling percentages can be used in train passing simulations 
 Measurement of deformation properties of ballast with different fouling percent-
ages and moisture contents can be used in ballasted track computer models 
 Future work 
The full-scale laboratory models for GPR survey with trapezoidal section area and 
defined boundary conditions were tested, refined and showed promising results. Also the 
results from dynamic loading of new ballast box test with modified dimensions represent 
a good agreement with the actual field measurements. In addition, there are correlations 
between electromagnetic and mechanical properties of ballast that can be used to predict 
the ballast behavior by performing Non-Destructive Tests (NDT) such as GPR. However, 
more tests are needed to be performed to obtain more points for defining strong correlations 
and GPR calibration in different conditions. The following are some suggestions for future 
research: 
1. Perform GPR surveys on the full-scale laboratory models with different types of 
ballast and fouling and with higher amount of water content; 
2. Build a stronger full-scale box test with materials that do not reflects GPR signals 
such as concrete and a large load frame for performing dynamic load immediately 
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after GPR survey. This will minimize the correlation errors between electromag-
netic and mechanical properties of ballast; 
3. Perform the dynamic box test on different types of ballast and fouling; 
4. Modify the box by adding transducers on the internal walls for measuring the con-
fining pressures while loading. And also using Matrix Based Tactile Surface Sen-
sors (MBTSS) under the tie section to assure the application of designed equivalent 
load; 
5.  Perform trixial tests on different types of ballast and fouling. Comparing their re-
sults with GPR data analyses on the same material and conditions. 
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